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PREFACE

This report was prepared by the Northrop Corporation,
Aircraft Division, Hawthorne, cCalifornia, covering work done
under the United States Air Force Contract F33615-81-C-3227
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stered by the Wright Aeronautical Laboratories, Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio. Mr. J. Tuss
wvas the AFWAL/FBCB Project Engineer from November 1281 to Novem-
ber 1985 and Mr. R. Rolfes from November 1985 to July 1986.

The work was performed in the Northrop Advanced Struc-
tural Concepts Department under the program management of Mr. L.
Bernhardt from November 1981 to July 1984 and Dr. M. M. Ratwani
from August 1984 to July 1986. Mr. H. Zamani was the Principal
Investigator on this program. The following Northrop personnel
were the major contributors to the program:

DESIGN: L. Bernhardt & E. Youm

ANALYSIS: H. Zamani & J. Spradley

MATERIALS EVALUATIONS: S. P. Agrawal

FABRICATION OF SPF PARTS: R. Vastava, J. Akana and
J. Fabre

MANUKFACTURING COORDINATION: S. Cormany & J. Wilkes
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l. INTRODUCTION

Superplasticity is a unique property exhibited by
certain alloys having a characteristic microstructure which
allows large uniform elongations without fracture when subjected
to appropriate temperature and forming strain rates. The high
elongations associated with the superplastic forming (SPF) proc-
ess allow the design and fabrication of complex structures oth-
erwise not possible with conventional methods. As a consequence
the SPF process results in close tolerancé parts with reduced
piece count. This in turn, results in a reduction of machining
and labor intensive assembly costs. In addition, a subsequent
cost saving potential emerges since the reduced piece count is
associated with reduced assembly detazils in the manufacturing
area.

The bulk of superplastic forming work to date has
concentrated on titanium. Until recently, the exploration of SPF
aluminum has been rather limited. Superplastic forming of tita-
nium has demonstrated significant cost, weight, and performance
improvements for selected structural airframe parts. This pro-
gram has exploited applications of SPF aluminum which developed
and demonstrated the process as a viable means of producing
structural airframe parts that are more efficient and cost effec-
tive than conventionally produced parts.

1.1 BACKGROUND

The feasibility to scale up the superplastic forming of
aluminum to produce full scale structural parts was successfully
demonstrated on Air Force Contract No. F33615-80-~C-~3240. During
that program, the cost and weight savings along with the quality
of the produced parts demonstrated the waluable potential of the
SPF aluminum process, The ground work for that program was
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accomplished under 2ir Force Contract No. F33615-79-C-32138, which
demonstrated that high strength aluminum alloys, such as 7075 and
7475, were capable of being superplastically formed once their
wrought forms had undergone a grain refinement. We achieved the
grain refinement +through a thermomechanical treatment (TMT)
process which produced grain sizes in the 9 gm to 1% .4 range.
These fine grain sizes enabled the material to underuoc tensile
elongations near 400 percent in the 850°F to 900°F range. Other
aluminum alloys, including powder alloys also have the potential
to provide valuable cost and weight savings through superplastic
forming.

1.2 OBJECTIVE

The overall objective of this program was to identify
the best of three aluminum alloys, capable of superplastic forma-
bility, and two aircraft structural components where application
of the SPF aluminum process would offer the maximum cost and
weight savings potential. The program was divided into a five-
task program; Part Selection and Design (Task I); Material Evalu-
ation and Selection (Task II); Producibility Forming Tests (Task
III); Part Fabrication (Task IV); and Part Evaluation and Struc-
tural Verification (Task V).

The objective of the £first task was to select and
design, from a number of Northrop F-S5E/F aircraft structural
assemblies, two components that most fully utilized the unique
capabilities of SPF aluminum to provide significant cost and
weight savings. The objective of the second task was to evaluate
and select an aluminum alloy which represented the best combina-
tion of superplastic formability and post SPF mechanical proper-
ties. The third task's objective was to assure the forming
feasibility of the components selected in Task I. The objective
of the fourth task was to fabricate complete structural compo-
nents using the SPF technology, and the objective of the fifth
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task was to evaluate and verify the structural integrity of the
SPF components through structural testing.

1.3 APPROACH

In Task I, design/precdacibility trade studies were
conducted on several structural components from the Northrop F-
5E/F aircraft to identify candidate SPF parts. The components
were then rated against differenit factors such as recurring and
non-recurring cost, weight impact on technology, forming risk,
and assembly risk. Two components that rated the highest were
selected, and their preliminary SPF Adesigns were developed. The
second task was conducted in two phases: (1) a preliminary
evaluation of three candidate alloys representing the best combi-
nation of superplasticity and post SPF mechanical properties,
followed by (2) an extensive evaluation of the final selected
alloy. During the third task, the areas representing the most
severe deformation on each component were fabricated in order to
assess the forming feasibility of those areas. Tensile and
fatigue tests on coupons excised from these critical areas were
performed, and the microstructure of these areas was examined for
cavitation. The fourth task inveolved the fabrication of the SPF
parts for two components and the complete assembly of one compo-
nent. The final task of the program consisted of a test plan
development and verification of the structural integrity of the
test component.
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2. PART SELECTION

buring this initial portion of the program, several
structural components were selected and designed for superplastic
forming. These parts were selected with an emphasis to provide
significant cost and weight savings. Siace the ohvious arecas of
potential payoff for SPF parts are applications whaze labor-
intensive subassemblies and extensive machining coulé be elimi-
nated, the candidate components were selected so their SPF design
would offer such a potential. The selected parts were designed
as replacements for components of an existing baseline f£light
vehicle. This would provide the opportunity for cost and weight
trade stud es against existing baseline components. The Northrop
F-5E/F aircraft was chosen as the baseline aircraft because it
was the latest production version of Northrop aircraft, and it
has a structure typical of air superiority fighters. The F~5E/F
fuselage was of conventional frame and longeron construction, and
secondary structures such as doors and fairings were a combina-
tion of waffle pans or honeycomb construction. Therefore, any
structural component selected from F-5E/F would be an excellent
generic example of a fighter aircraft structure. A spectrum of
candidate parts representing both primary and secondary struc-
tures were considered to fulfill the objectives of this task.
Once the candidates components were selected, they were rede-
signed as SPF assemblies. Layouts were prepared in sufficient
detail to allow manufacturing plans to be generated and cost
analyses to be completed. The design concepts for all SPF parts
utilized the unique forming capabilities and configurations most
readily achievable through the superplastic forming process.

2.1 SELECTION CRITERIA

During the selection of the candidate components, cer-
tain criteria were taken into consideration. Since the most
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promising benefit of the SPF process was the cost saving associ-
ated with reduced piece count, the selection of the candidate
components emphasized reduction of piece count. The manufac-
turing considerations also played an important role in order to
take the most advantage from the close tolerances associated with
the SPF part. Manufacturing plans were developed and used for
cost analyses which later proved to be one cf the governing
factors in selection of the final components. Two other limiting
factors considered in selection of the candidate components were
the available raw stock size and press platten capacity. Ar-
rangements were made with Reynolds aluminum to roll sheets with a
maximum width of 36 inches as per Northrop specifications.
Northrop's largest available heated platten press has a platten
size of 36 by 60 inches. These factors defined the upper compo-
nent size limits for the proposed program. Some of the other
criteria considered during the selection of the final components
were: the impact of the produced parts on SPF technology, the
risk associated with forming of those parts and the risk associ-
ated with the final assembly to establish a thorough rating of
the components based on criteria other than cost and weight.

2.1,1 Cost and Weight Considerations

As discussed earlier, establishment of cost data on the
candidate components was the most emphasized criteria. Prior to
generating the cost data, iayouts of several components were
prepared in sufficient details to allow the generation of manu-
facturing plans for the purpose of cost analyses. The objective
of these cost activities was to provide cost profiles of the
conceptual SPF aluminum candidate parts. A combination of two
basic cost estimating methods at Northrop (detail and parametric
estimating) was used to estimate the recurring production costs
of the candidate parts. Once the cost figures were established,
they were used in a rating matrix for the selection of the final
SPF parts. This objective was accomplished by the performance of
the following activities:
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(1) Estimation of standard fabrication and assembly
selected.

(2) Projection of the standard hours into production
cost estimates for different production units.

(3) Comparison of the production costs of the SPF
parts with the respective existing baselines.

Working from detailed drawings and manufacturing plans,
the detailed estimating method was used in setting time stan-
dards. This estimating technique employed time standards which
were the result of time and motion studies and were incorporated
into Northrop's Industrial Engineering Time Standards Book. Time
standards were developed for those new and technically advanced
processes where standards did not exist in the time standards
book.

Time standards only accounted for the basic work con~
tent of operations and processes and did not allow for fatigue,
delays or other variances that occur in the actual production
environment. These variances were accounted for by the applica-
tion of variance factors. These factors were taken from the cost
history of a similar or related family of operations tracked and
documented in the past.

The standards were then projected into production hours
for the selacted number of units using the appropriate learning
curves which, similar to the variance factors, were based on
history. The projected factory hours were then accounted and
converted to factory labor costs using typical factory rates.
Support labor hours were estimated based on an established di-
rect/support factory labor estimating relationship. Basic mate-
rial requirements were estimated from the detailed drawings and
priced out. Allocated material was estimated as a percentage of
the direct labor dollars. Assumed, but typical, burden rates and
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factors were applied to the cost elements to estimate the total
production costs at constant 1981 dollars. Costs were projected
for the 1st, 30th, 500th and 1000th cumulative averages in order
to determine the initial, near-term and long-term cost benefits
of SPF aluminum parts over baseline parts. The detailed cost
estimates are presented in Section 2.3.

Weight considerations were probably the second most
important factor in selection of the candidate parts. Weights
for the SPF design of the components were determined from the
detailed drawings and the material requirements. Since the
superplastic forming process involves forming of sheet material,
the initial sheet material requirements were used to estimate the
weight of the selected components., The baseline weights were
available from previous weight data. Comparison of the baseline
versus the SPF design weights provided a reasonable estimate of
the potential weight savings.

2.1.2 Manufacturing Considerations

The manufacturing considerations in developing the
manufacturing plans had a substantial contribution towards the
generation of the cost and weight estimates. Both cost and
weight estimates were prepared working from detailed drawings and
manufacturing plans. In case of all candidate components, a full
set of production manufacturing plans were provided. Subassemb-
lies, were identified where necessary. Fabrication flow charts
and tool lists were also generated. These plans always reflected
a true production environment so that a realistic cost analysis
would be possible. These preliminary manufacturing plans were
also used to establish the assembly risk portion of the rating
criteria. The manufacturing plans for all candidate components
were carefully reviewed to assess the degree of difficulty asso-
clated with the assembly of each SPF design. Additionally, the
plans provided an opportunity to assess the feasibility of using




any advanced joining techniques such as weldbonding and/or adhe-
sive/zivetbonding. Detailed manufacturing plans for each candi-
date component is presented in Section 2.2.

2.2 SELECTED COMPONENTS

Based on the preliminary selection criteria discussed
earlier, the following F-5E/F components were selected as candi-
dates for SPF designs:

(a) Forward Avionics Deck

(b) Nose Gear Wheel Door

(c) Trailing Edge Flap

(d) Wing Leading Edge Extension

2,2,1 Description of Components

The following paragraphs describe the baseline and the
SPF design of each component in detail:

Concept 1 ~ Forward Avionics Deck

As shown in Figure 2~1, the original assembly was
comprised of a six-part split-level deck which was supported by
eight frame segments and six beam segments, with their adjacent
shear webs joined by separate shear clips. This structure was
bounded by two machined bulkheads and left and right-hand longe-
rons which joined the deck to the outer skin providing lands for
the avionics compartment access door. The parts count breakdown
was as follows: 21 stretch-formed extrusions, 39 hydroformed
sheet metal details, 2 flat sheet decks, and 1 stretch-formed
outer skin, totalling 63 details in all.
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The original SPF assembly (Figure 2-1) was designed
around five pieces, two of which were common to the original
design. All of the substructure was combined into one waffled
pan and upper deck skin was a one-piece pan. The outer skin was
to be superplastically formed in a two-piece thermoform die. &
waffle pattern insert and outer skin shim were added to the die
so the waffle pan could be formed. Additional inserts and waffle
pan shims were then added to the die so the inner deck pan cotld
be formed. Multiple sheets were to be formed on both the waffle
pan and inner skin to provide required doublers where necessary.
All the parts were thus formed in one segmented die assuring
proper fitup for the subsequent assemblies.

For the final assembly, the trimmed waffle pan and the
existing longerons with adhesive applied to all faying surfaces
were mated to the outer skin and clamped in place. This assembly
was spot welded and oven cured. The inner skin would be adhe-
sively bonded to the subassembly to complete the process. The
manufacturing plans for the avionics deck is described in Section
2.2.2. The design modifications subsequent to this original SPF
design are discussed in detail in Section 3.2.

Concept 2 - Nose Gear Wheel Door

The original baseline design was a simple honeycomb
stiffened pre-warped door, supported on two hinges and articulat-
ed by an actuator attached to the left-hand forward corner (see
Figure 2-2). The original design was complicated by a cooling
air outlet vent located in the center of the door.

The SPF design (Figure 2-2) substituted a waffle pan
for the honeycomb core and integrated several vent pieces into
the door skin and inner pan, The previcusly separate louver
details became integral features of the skins and pan. Only two
angles and a louver cutout aft the edge fairing remained as
separate details, which were required to maintain structural
continuity between the inner skin ,.an and the outer skin.

11
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Both the outer skin and the ribbed stiffening pan would
be superplastically formed. The outer skin could be convention-
ally formed were it not for the portion of the air inlet ducth
incorporated into it. The louver stiffener would also be super-
plastically formed. The three doublers; the fairing, and the
louver inner surface were to be formed conventionally. There
were two machined aluminum back up ribs at the hinge locations
which provided hinge support and transverse stifiness. Pilot
holes would be drilled in thase ribswand through both the outer
skin and stiffening pan.

The SPF door was to be assembled in the following
fashion. Adhesive would be applied to the outer skin, stiffening
pan, and louver stiffener. The stiffening pan would be posi-
tioned cn the outer skin using the pilot holes. The louver
stiffener would be then positioned in the louver depression and
clamped in place. The assembly would be then tack spot welded
around the outer edge, at the depths of the stiffening pan rib-
bing and in the louver area. After oven cure, the doublers would
be bonded in place and the fairing installed with blind rivets.
This would complete the fabrication steps unique to the new
design. All successive steps (e.g., door trim, hinge and name
plate installation) would be common to both designs. The de-
tailed Nose Gear Wheel Door manufacturing plans are described in
Section 2.2.2.

Concept 3 ~ Trailing Edge Flap

The original design of the trailing edge flap consisted
of ten two-piece ribs approximately equally spaced along a main
spar at the 77 percent chord plane with leading and trailing edge
spars as a closeout member for the separate bonded honeycomb
trailing edge assembly. The two inboard most ribs were actually
double ribs, strengthened to accept the concentrated loads intro-
duced by the inboard hinge and actuator fittings. The outboard
hinge support rib was a machined fitting. These last three
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fittings would be common to both designs and their detail of
costs were not included in the concepts, however, since they had
to be installed before the flap assembly was complete, their
assembly costs were included in the study results. Figure 2-3
contrasts the existing design with the SPF alternative.

The SPF design would substitute hat stiffened pans for
all the intermediate ribs. Each trailing edge pan and skin would
be symmetrical about the chord plane and could be used unchanged
on the opposite hand flap. The two ribs at wing station (W.S.)
41.17 and 36.57 CANT would be similar to the existing ribs, which
were extended at the trailing edge in an area formerly occupied
by full depth honeycomb core. The outboard closing rib would be
similar to the existing part but SPF formed and extended to the
trailing edge. The forward rib at W.S. 74.75 would be unchanged
from the original design as this was a machined fitting incorpo-
rating the outboard flap hinge.

The design approach investigated in the SPF design was
basically the trading off of skin stiffening versus rib count and
spacing. Every other rib was eliminated when spanwise beads were
added as alternative skin stiffening. At the trailing edge, the
stiffener pattern was designed as a waffle pattern and replaced
the separate honeycomb bonded assembly of the original design.
The spanwise skin stiffening eliminated the need for the forward
spar. All the remaining ribs would be superplastically formed,
eliminating the need for shear clips.

The outer skin pan combinations were contemplated as
weldbonded assemblies. However, if the research efforts in
welded two and three sheet panels were successful, the outer
skins and stiffening would be formed similar to titanium SPF/DB
two sheet panels.

The flap extended spanwise from the fuselage moldline
to the inboard edge of the aileron and chordwise from the 70
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percent wing chord to the trailing edge. The hinge line, along
the 73.9 percent chord, was below the wing moldline. The inboard
hinge would be supported by the fuselage and the outboard hinge
by the wing rib at W.S. 74.75. The outboard hinge would be
pinned to avoid inducing loads into the flap due to wing deflec-
tion. The flap, a conventional rib spar type, would be posi-
tioned by a fuselage mounted actuator operating a link attached
to the actuator fitting. Air loads wculd be transferred to the
ribs, carried forward to the main spar and then beamed out to the
support points at the inboard hinge and at W.S. 74.75.

A variant of the illustrated design was also consid-
ered. This design incorporated symmetrical, about the chord
plane, waffle pans with the corrugations running fore and aft in
lieu of the spanwise stiffeners and ribs. These waffle pans were
to be weldbonded to their respective skins and bonded together on
final assembly. The leading edge remained unchanged.

Concept 4 - Wing Leading Edge Extension

The original leading edge extension (LEX) was of con-
ventional rib and spar construction, containing four machined
ribs, three machined spars, a machined leading edge insert, ten
sheet metal rib and spar segments, a wing attach fitting and a
one-piece skin (Figure 2-4). Two access panels were located on
the under surface to provide access to the leading edge flap
actuating edge spar, except for a shear pin at the fuselage
station 299 bulkhead. The SPF design shown in Figure 2-4 re-
placed the internal ribs and spars with truss type corrugations
running fore and aft, which reduced the piece count by five.
Prior to making the decision to design the entire LEX, trade
studies were conducted to determine if the entire LEX would be
modified or the porticn from the shear pin forward.

16




Leading Edge

Figure 2-4.

Existing Design

Baseline and Original SPF LEX

17

ot 1 RN




T =T T e e e T W v

2.2.2 Manufacturing Plans

The following paragraphs describe the original manufac-
turing plans for each of the candidate components. These de-
tailed manufacturing plans, as discussed earlier, were used to
arrive at cost data for each of the components.

2.2.2.1 Forward Avionics Deck

The lower deck itself was of aluminum constructicn. It
extended from Fuselage Station (F.S.) 47.50 aft to F.S. 87.50 and
from the centerline of the airplane outboard to the lower longer-
on reference plane. The lower skin of the deck matched the lower
moldline of the forward fuselage. The deck pan sat approximate-
ly four inches above the lower moldline at the centerline with a
0.75-inch joggle at F.S. 68.50.

The proposed SPF configuration consisted of the follow~
ing superplastic-formed details:

(1) oOuter Skin

(2) Waffle Pan

(3) Inner Skin

(4) L.H. and R.H. Bathtubs
(5) L.H. and R.H. Channels
(6) Z-stiffener at F.S. 68.50

(7) oOutboard Stiffener

The stiffeners, bathtubs, and channels provided the
structural integrity required for continuity between the outer
skin and the inner skin. The function of the existing lower
longerons was performed by the bonded ascembly of the outer skin,
vaffle pan and inner skin along the entire outboard edge on both
sides of the lower deck.

18
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The following is a detailed cperational sequence for
the fabrication and assembly of the above noted details:

Outer Skin, Waffle, and Deck Pan. Each detail was of
7475 fine grained aluminum alloy furnished by Reynolds. The
outer skin was superplastically formed in a hot form die (SHFD)
which consisted of a common two-piece cage with upper and lower
cavities and removable inserts. The insert for the outer skin
was tape cut to the outer moldline (OML) of the fuselage lower
skin. The insert for the waffle was tape cut to the inner mold-
line (IML) of the fuselage lower skin and lower moldline of the
inner skin. The insert for the inner skin was tape cut to the
upper surface of the waffle.

Channels, Stiffeners and Bathtubs. These details were
of the same material as the outer skin, waffle and inner skin and
manufactured in the same manner. The SHFD used to fabricate
these details contained a common upper and lower cavity with
removable inserts. This allowed superplastic forming of one or
more details at a time.

Each detail was of 7475 fine grained aluminum alloy
sheet furnished by Reynolds. The production blank was cut to
size, degreased, alkaline cleaned, given a uniform spray coat of
forming lubricant and then air-dried. The SHFD had all foreign
particles removed from the interior surfaces of the tcol. The
tool was then closed, with pressure applied on peripheral seals
before the tool heat-up started.

After the tcol was stabilized at operating temperature,
it was opened and the production blank installed. The tool was
then closed and the press loads applied to provide peripheral
seal loads. Air pressure was maintained in the upper and lower
tool cavities until all areas of the tool were within the forming
temperature range. Air pressure was then increased in the upper
cavity, and pressure maintained in the lower cavity during the

19
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forming cycle. At the end of the forming cycle, the upper and
lower cavities were vented to the atmosphere. The pressure load
was then removed, the +tool opened and the part removed. Tha
details were heat-treated, placed in a trim fixture, routed net,
wrapped and stored for use on the next assembly.

Weldbond Assembly. The first-stage details consisted
of the outer skin, channels, bathtubs and stiffeners. They were
processed for weldbond as follows:

The parts were vapor degreased, alkaline clezned by
immersing the parts in a nen-silicated alkaline solutlon at 120
to 165°F for 12 to 15 minutes. They were then spray rinsed with
deionized water for 5 to 6 minutes and inspectad for a water-
break~-free surface. After inspection, the details were deoxi-
dized by immersing in an agitated deoxidizer solution at 50 to
80°F for 6 to 8 minutes and spray rinsed with ambient temperature
deionized water for 5 to 7 minutes, They were then immediately
immersed in an anodized solution at 70 to 80°F for 18 to 22
ninutes within the required voltage range, spray rinsed again
with deionized water for 5 to 7 minutes and oven-dried in a
recirculation air oven at 150 to 160°F for 30 to 60 minutes. The
cleaned and anodized parts were handled with clean, cotton gloves
and maintained in a c¢lean room atmosphere until the weldbond
adhesive was applied.

After anodizing, the parts were given a special surface
treatment prime. The paste adhesive, warmed to room temperature,
was applied to the faying surface of the details common to the
outer skin within 120 hours from the time they were anodized.
This would allow the £ilm thickness to achieve a final ylue line
thickness of 0.005 to 0.012 inch. The outer skin was positioned
in an assembly fixture that would index the details and hold them
in position during the first-stage of weldbond operation.
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The stiffener at F.S. 68.50 was positioned by nesting
to the lower skin and a station jig locator. The left-hand
channel was positioned by a station locator at buttock 1line
(B.L.) +2.06 and nested against the stiffener at F.S. 68.50. The
left-hand bathtub was positioned by butting against the left-hand
channel and a station locator at F.S. 61.75. The right-hand
channel was positioned by a station locator at B.L. -2.06 and
nested against the stiffener F.S. 68.50. The right-hand bathtub
was positioned by nesting against the right-hand channel and a
station locator at F.S. 61.75. The right-hand outboard stiffener
was positioned by nesting against the stiffener at F.S. 68.50,
the bathtub at F.S. 61.75 and the channel at B.L. -2.06.

An electrode anti stick solution was then applied to
the exterior surface in the areas to be weldbonded. Weldbending
was accomplished within 96 hours of the application of adhesive
to the skin. After weldbonding, the assembly was removed from
the assembly fixture and placed in an oven at 255 +5°F for 90
minutes.

The second~stage of the assembly consisted of tba
waffle pan and first-stage weldbonded assembly. The details and
subassembly was assembled and installed in the same assembly
fixture as that used in the first-stage to control station loca~
tion and moldline. The waffle pan was located in the first-stage
assembly by indexing to the left~hand and right-hand edge trim.
The bhalance of operations performed in the second-stage was the
same as the first-stage.

Adhesive Bond Assembly. The third~stage details con-
sisting of the second-stage assembly and the inner skin were
processed for adhesive bonding as follows:

They were impression prefitted by assembling the inner

skin and assembly in a female type bond fixture, indexing to the
outer moldline of the fuselage lower skin. The impression fit
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was accomplished by applying one ply of 0.015 inch thick FM643-2
mat verifilm in all metal-to-metal bondlines.

The bond fixture was placed in an autoclave with ther-
mocotiples, bleeder cloth and pressure membrane installed. A
vacuum of 10 +2 inches of mercury was applied and all significant
leaks were checked and eliminated. An autoclave pressure of 30
to 100 psi was applied and the assembly vented to the atmosphere.
The temperature was then raised from ambient to 225°F in a maxi-
mum of 120 ninutes and then maintained at 225 to 250°F for a
minimum of 90 minutes. It would then be cooled to 150°F or lower
under pressure.

The bond fixture was removed from the autoclave, the
details disassembled and the verifilm inspected. An acceptable
fit indicated a metal-to-metal bondline of 0.015~inch maximum
wherever one ply of verifilm was used. Within 72 hours prior to
application of adhesive primer, the surfaces of the details were
prepared by phosphoric acid anodizing prior to structural adhe-
sive bonding.

After the surfaces of the details had been prepared,
all traces of cured adhesive or other contaminations were removed
from the bond tool surfaces and the tool would be wiped with
solvent. A release agent was applied to the upper surfaces of
the bonding tool at a temperature of 65 to 100°F and a relative
humidity of 60 percent or less. It was then air-dried for a
minimum of one hour and buffed to remove excess coating. The
tool was air-dried an additional 24 hours or oven-dried at 225°F
for one hour and then rebuffed.

The adhesives and adhesive primers were mixed and
applied in enclosed areas with the temperature between 65 to 90°F
and a relative humidity of 70 percent maximum. NAI-1412 type 2
adhesive primer was applied by spray to all surfaces of the deck
pan within 72 hours following completion of the final drying
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operation in the surface preparation of the details. The adhe-
sive primer was thoroughly mixed for 15 minutes in a paint shaker
immediately before pouring into a spray gun reservoir. The
primer was applied in a uniform coat, air-dried for a maximum of
30 minutes and cured for 60 to 90 minutes at 225 to 250°F. NAI-
1412 type I class C film adhesive was precut to size and applied
to the bonding surfaces of all adhesive primed details.

The second-stage assembly was positioned in the bond
fixture by locators. The inner skin was positioned over the
second-stage assembly. The bond fixture was then installed in
the autoclave with thermocouples, bleeder cloth and pressure
membrane. A vacuum of 5 to 10 inches of mercury was applied and
all leaks were checked and eliminated. Autoclave pressure was
applied and the wvacuum side of the pressure membrane vented to
the atmosphere. The temperature was raised from ambient to
225°F in a maximum of 120 minutes and maintained at 225 to 250°F
for a minimum of 90 minutes. After the cure cycle was completed,
the autoclave was cooled to 150°F or lower under pressure.

The bond fixture was then removed from the autoclave.
The pressure membrane, bleeder cloth, thermocouples and the final

assembly was removed and cleaned up.

2.2.2.2 Nose Gear Wheel Door

The nose gear wheel door was of aluminum construction
with the exception of three fiberglass laminates that were sand-
wiched between the inner and outer skins and acted as fillers and
backup for the bracket and fore and aft hinges. The door extend-
ed from F.S. 87.50 to F.S. 126.50 and approximately 5.34 inches
along each side of the aircraft centerline. It attached to the
lower forward fuselage by means of the forward and aft hinges at
F.S. 90.50 and F.S. 118.50,.
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The proposed configuration would consist of the exist-
ing hinges and brackets zlong with their respective hardware.

(1) A SPF outer skin that formed the outer moldline of
the door including the scoop.

(2) A SPF inner skin that formed the inner moldline of
the door and also included the scoop.

(3) A SPF substructure made to the inner moldlines of
both inner and outer skins.

(4) Three fiberglass laminates made to the inner
moldlines of both inner and outer skins. Each
laminate acted as a filler and backup for the
hinges and bracket.

(5) A conventionally formed fairing that acted as a
closeout at F.S. 113.35,

(6) Two conventionally formed angles that nested
against the outer skin and substructure along each
side of the scoop.

The following was a detailed operational sequence for
the fabrication of the inner skin, outer skin and substructure
and assembly.

Outer Skin. The outer skin would be of 7475 £fine
grained aluminum alloy sheet furnished by Reynolds. The produc-
tion blank would be cut to size, degreased, alkaline cleaneq,
given a uniform spray coat of forming lubricant and then air-
dried. The SHFD would have all foreign particles removed from
the interior surfaces of the tool. The tocl would then be closed
and pressure applied on peripheral seals. The heat-up of the
tool would then be started. After the tool was stabilized at
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operating temperature, it would be opened and the production
blank installed.

The tool would then be closed and press loads applied
to provide peripheral seal loads. Air pressure would be main-
tained in the upper and lower tool cavities until all areas of
the tool were within the forming temperature range. Air pressure
would be maintained in the lower cavity during the forming cycle.
At the end of the forming cycle, the upper and lower cavities
would be removed, the tool opened and the part removed. The skin
would then be heat-treated, placed ir . “rim fixture, routed net
and then wrapped and stored for use on che next assembly.

Inner Skin. The inner skin would be of the same mate-
rial as the outer skin and would be manufactured in the same
manner as the outer skin.

Substructure. The substructure would be of the same
material as the outer skin and would be manufactured in the same
manner as the outer skin.

The SHFD would use a common base or cage, with remova-
ble inserts for each skin and substructure.

Fiberglass Laminates. The laminates would be of pre
impregnated fiberglass cloth. The material would be cut to size
and laid up ply on ply in a pressure mold. After the layup was
complete, the upper and lower sections of the die were to be
clamped together and placed in an oven and cured. After cure,
the part would be removed from the die, cleaned up and pilot
holes drilled for tack rivets on the next assembly.

First-Stage Weldbond Assembly. The first-stage details
which consisted of the outer skin and two angles would be proc-
essed for weldbond as follows:
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Thev would be vapor degreased, then alkaline cleaned by
immersing the parts in a non-silicated alkaline solution at 125
to 165°F for 12 to 15 minutes. They would then be spray rinsed
with deionized water for 5 to 7 minutes and inspected for a
water-break-free surface. After inspection, the details would be
deoxidized by immersing in an agitated deoxidizer solution at 70
to 80°F for 18 to 22 minutes within the required voltage range
and spray rinsed again with deionized water for 4 to 7 minutes
and oven-dried in a recirculating air oven at 150 to 160°F for 30
to 60 minutes.

The cleaned and anodized parts would be handled with
clean, cotton gloves and maintained in a clean room atmosphere
until the adhesive for the weldbond was applied. After anodiz-
ing, the parts would be given a special surface treatment prime.
The paste adhesive, warmed to room temperature, would bhe applied
to the faying surface of the angles common to the outer skin
within 120 hours from the time they were anodized, to a film
thickness that would achieve a final glue line thickness of 0.005
to 0.012 inch.

The outer skin would be positioned in an assembly
fixture that would index the details and hold them in position
during the weldbond first and second-stage operations. The
angles would be located on the outer skin and positione¢ by a
locator simulating the substructure on both left and right-hand
sides of the scoop. An electrode anti-stick solutiun would then
be applied to the exterior surface in the areas to be weldbonded.
Weldbonding would be accomplished within 96 hours of the applica-
tion of adhesive to the angles.

Second-Stage Weldbond Assembly. The second-stage
assembly, which consisted of the first-stage assembly and the

substructure, would be processed for weldbond in the same manner
as the first-stage assembly, except the adhesive would be applied
to the faying surfaces of the substructure removed from the
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assembly fixture and placed in an cven at 255 +5°F for 90 min-

utesn.

Third-stage Adhesjive Bond Assembly. The third stage
assembly which consisted of the second-stage assembly, the inner

skin and three fiberglass laminates would be processed for adhe-
sive bonding as follows:

The assembly and details would be impression prefitted
by placing them in a female type bond fixture, indexing to the
outer moldline of the outer skin. The impression prefit would be
accomplished by applying one ply of 0.015-inch thick FM643-2 mat
verifilm in all metal-to-metal bondlines. The bond fixture would
then be placed in an autoclave with thermocouples, bleeder cloth
and pressure membrane installed. A vacuum of 10 +2 inches of
mercury would be applied and all significant leaks checked and
eliminated. An autoclave pressure of 30 to 100 psi would be
applied and the assembly vented to the atmosphere. The tempera-
ture would then be raised from ambient to 225°F in a maximum of
120 minutes and maintained at 225°F for a minimum of 90 minutes.
It would then be cooled to 150°F or lower under pressure.

The bond fixture would then be removed from thke auto-
clave, the details disassembled and the verifilm inspected. An
acceptable fit would indicate a metal-to-metal bondline of 0.015-
inch maximum wherever one ply of verifilm was used.

Within 72 hours prior to application of adhesive prim-
er, the surfaces of the details would be prepared by phosphoric
acid anodizing prior to structural adhesive bonding.

After the surfaces of the details had been prepared,
all traces of cured adhesive or other contamination would be
removed from the bond tool surfaces and the tool would be wiped
with solvent. A release agent would be applied to the upper
surfaces of the bonding tool at a temperature of 65 to 100°F and
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a2 relative humidity of 60 percent or less. It would be air-dried
for a minimum of one hour and then buffed tu remove excess coat-
ing. The tool would be air-dried an additional 24 hours or oven-
dried at 225 to 250°F for one hour and then rebuffed. The adhe-
sives and adhesive primers would be mixed and applied in enclosed
areas with the temperature between 65 to 90°F and a relative
humidity of 70 percent maximum.

NAI-1412 type 2 adhesive primer would be applied by
spray to all surfaces of all skins and details within 72 hours
following completion of the f£inal drying operation in the surface
preparation of the details. The adhesive primer would be thor-
oughly mixed for 15 minutes in a paint shaker immediately before
pouring into a spray gun reservoir. The primer would be applied
in a uniform coat to an air-dry film thickness, then air-dried
for a maximum of 30 minutes and cured for 60 to 90 minutes at 225
to 250°F. NAI-1412 type I class C film adhesive would be precut
to size and applied to the bonding surfaces of all adhesive
primed details.

The second~-stage assembly would be positioned in the
bond fixture by tool holes and by the scoop. The forward and aft
fiberglass laminates would be positioned over the substructure
and held in place with tack rivets. The inner skin would then be
positioned over the substructure and outer skin. The bond fix-
ture would be installed in the autoclave with thermocouples,
bleeder cloth and pressure membrane.

A vacuum of 5 to 10 inches of mercury would be applied
and all leaks checked and eliminated. Autoclave pressure would
then be applied and the vacuum side of the pressure membrane
vented to the atmosphere. The temperature would be raised from
ambient to 225°F in a maximum of 120 minutes and maintained at
225 to 250°F for a minimum of 90 minutes. After the cure cycle
had been completed, the autoclave would be cooled to 150°F orxr
lower under pressure. The bond fixture would then bhe removed,

28

[ et LV NP




the pressure membrane, bleeder cloth, thermocouples, and the
assembly removed from the bond fixture and cleaned up.

Structural Assembly. The door assembly would be placed
in an assembly fixture and net trimmed. The hinges, brackets and
their associated hardware would be installed as a final opera-
tion.

2.2.2.3 Trajiling Edge Flap

The trailing edge flap SPF configuration would be
manufactured utilizing the existing hinges and actuator rod with
their respective brackets and hardware and the ribs forward of
the front spar at W.S. 36.57, 41.17 and 74.75.

The new parts required would consist of the following:

(1) A front spar assembly, located along the 77
percent plane, and made up of a web, an upper cap
and a lower cap.

(2) A leading edge skin assembly, extending £from the
70.75 percent plane aft to the front spar and from
W.S. 36.57 outboard to W.S. 84.36 and made up of a
conventionally stretch formed and chem milled
outer skin weldbonded to a SPF inner skin.

(3) 2An upper trailing edge skin assembly extending
from the front spar aft to the wing trailing edge
and from W.S. 36.57 outboard to W.S. 84.36 and
made up of a chem milled outer skin weldbonded to
a SPF inner skin.

(4) A lower trailing edge skin assembly extending from
the front spar aft to the wing trailing edge and
from W.S. 36.57 outboard to W.S. 84.36 and made up
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of a chem milled outer skin weldbonded to a SPF
inner skin.

(5) A machined trailing edge wedge sandwiched between
the upper and lower trailing edge skin assemblies
at the extreme wing trailing edge and extended
from W.S. 36.57 outboard to W.S. 84.36.

(6) A SPF outboard rib at W.S. 84.36 extending from
the 70.75 percent plane aft to the wing trailing
edge.

(7) Conventionally formed ribs at W.S. 36.57 and W.S.
41.17 that extended from the font spar aft to the
wing trailing edge.

Other than the above mentioned weldbond skin assen-
blies, the balance of the flap would be mechanically fastened
with the exception of the trailing edge wedge which would be
bonded to the upper and lower trailing edge skins and the faying
surfaces of the upper and lower trailing edge inner skins which
would be foam bonded where they butt along the wing reference
plane.

Trailing Edge Flap =~ Tooling Concepts. The assembly
components that would be superplastically formed were: (1)

leading edge inner skin, (2) trailing edge upper and lower inner
skins, and (3) outboard rib. The leading edge inner skin tooling
would be a self-contained tool, and the seal provided on the tool
itself. The tool was to be machined to the inner moldline of the
inner skin with approximately two inches excess on the periphery.
One upper tool would have ends matching the bottom tool to obtain
proper seal when closed. The sheet would be brake formed to the
general contour of the tool. The preformed blank would be placed
over the tool, seal obtained and superplastically formed to the
tool geometry.
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The trailing edge upper inner skin would be formed over
a steel insert inside the universal cage. The trailing edge
lower skin would be formed on another insert similar to the one

used for the upper inner skin.

2.2.2.3.1 Spar Assembly

The spar assembly consisted of a web, and conventional-
ly routed extruded upper and lower caps and also included the
existing stiffeners for the leading edge ribs at W.S. 36.57 and
W.S. 41.17 and the rib and outboard hinge at W.S. 74.75. The
details would be positioned in an assembly jig and located to
moldline and station locators.

A minimum number of fastener holes would be jig drilled
to hold the moldline location. The balance of the holes would be
located by a paint spot template for Drivmatic operations. The
assembly would then be removed from the assembly jig and the
fasteners installed by the Drivmatic. The stiffeners and fillers
would be installed on the spar from predrilled pilot holes.

The outboard hinge and rib would be bolted together and
forwarded along with the spar assembly as loose items to the next

assembly station.

2.2.2.3.2 lLeading Edge Skin Assembly

The leading edge skin assembly consisted of a wrapa-
round inner and outer skin. The outer skin would be stretch
formed, chem milled and trimmed to detail allowing approximately
0.06 inch excess trim on the upper and lower aft edges. It would
also have tool hole tabs for locating in the next assembly.

The inner skin would be of 7475 fine grained aluminum
alloy sheet. It would be preformed in a V-shape configuration,
degreased and alkaline cleaned, given a uniform spray coat of
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forming iubricant and then air-dried. The SHFD would have all
foreign particles removed from the interior surfaces of the tool.
The tool would then be closed and pressure applied on peripheral
seals. The heat up of the tooi would then start. During the
heat up, an air flow would be maintained through the upper and
lower tool cavities until perihpheral sealing occurred. Air
pressure would be maintained in both tool cavities after periph-
eral sealing. After the tool was stabilized at operating temper-
ature, the tool would be opened and the production part in-
stalled.

The tool would then be closed and press loads would be
applied to provide peripheral seal loads. Air pressure would be
maintained in the upper and lower tool cavities until all areas
of the tool were within the forming temperature range. Air
pressure would then be increased in the upper cavity with pres-
sure maintained in the lower cavity during the forming cycle. At
the end of the forming cycle, the upper and lower cavities would
he vented to the atmosphere. The pressure load would be removed,
the tool opened and the part removed. The skin would then be
heat-treated, placed in a trim and drill fixture, routed net and
tool holes drilled. The inner and outer skin would be processed
for weldbond as follows:

They would be vapor degreased, alkaline cleaned by
immersing the parts in a non-silicated alkaline at 125 to 165°F
for 12 to 15 minutes. They would then be spray rinsed with
deionized water for 5 to 7 minutes, and inspected for a water-
break~free surface. After inspection the skins would be deoxi-
dized by immersing in an agitated deoxidizer solution at 70 to
§0°F for 6 to 8 minutes and spray rinsed with ambient temperature
deionized water for 5 to 7 minutes. They would then be immedi-
ately immersed in an anodized solution te 70 to 80°F for 18 to 22
minutes within the required voltage range and spray rinsed again
with deionized water for 5 to 7 minutes and oven-dried in a
recirculating air cven at 150 to 160°F for 30 to 60 minutes. The
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cleaned and anodized parts would be handled with clean, cotton
gloves and maintained in a clean room atmosphere until the adhe-
sive for ‘the weldbond was applied.

After anodizing, the parts would be given a special
surface treatment prime. The paste adhesive, warmed to room
temperature, would be applied to the faying surface of the inner
skin common to the outer skin, within 120 hours from the time
they were anodized, to a film thickness that would achieve a
final bondline thickness of 0.005 to 0.012 inch. The inner skin
would be positioned in the assembly by locators indexing to the
inner moldline. The outer skin would then be located over the
inner skin and held in position by tool hole tabs in the excess
trim area. An electrode anti-stick solution would then be ap-
plied to the exterior surface in the areas to be weldbonded.
Weldbonding would be accomplished within 96 hours of the applica-
tion of adhesive to the skin. After weldbonding, the assembly
would be removed from the assembly fixture and placed in an oven
at 255 45°F for 90 minutes.

2.2.2.3.3 Leading Edge Assembly

The leading edge assembly would consist of the new spar
assembly, leading edge skin assembly, existing clips, fillers,
ribs stiffeners and skins that were located at W.S. 36.57, 41.17
and 74.75. Also included would be the rib assembly and hinge
assembly that were previously assembled with the spar and deliv-
ered as loose items. The details would be located in an assembly
jig that would control wing station locations and inboard and
outhoard hinge points forward of the front spar.

2.2.2.3.4 Trailing Edge Skin Assemblies
The upper and lower trailing edge skin assemblies would

consist of a SPF inner skin and a flat chem milled outer skin
weldbonded together. The upper and lower assemblies would then
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be bonded together on the next assembly. The inner skins would
be fabricated the same as the leading edge inner skin with the
exception that they would not require a preforming operation
prior to SPF. A dummy blank would be used in the initial periph-
eral sealing operation prior to inserting the production blank
for forming.

The outer skins would be fabricated the same as the
leading edge outer skin with the exception that they would not
require any forming. After the parts had been fabricated they
would be processed, assembled and weldbonded in the same manner
as the leading edge skin assembly.

2.2.2.3.5 Final Assembly

The flap final assembly would consist of the upper and
lower trailing edge skin assemblies, trailing edge wedge, ribs at
W.S. 36.57, 41.17 and 84.36, leading edge assembly, leading edge
skin assembly, actuator rod and bracket, rub strips, markings and
nameplate. The subassemblies and details would be assembled and
installed in an assembly jig to control station location, mold-
line and hinge points. The leading edge assembly would be jig
located by hinge points, tool holes and moldline locators. The
inboard and outboard trailing edge rigs would be jig located by
station locators and tool holes in the aft end. The bracket
would be hand located on the rib at W.S. 41.17 and the actuator
rod would be located between W.S. 36.57 and 41.17. Holes would
be drilled full size through the ribs from holes in the bracket
and actuator rod flange and the fasteners installed. The trail-
ing edge wedge would be located by moldline and station locators
and cleaned for adhesive bond. The spar assembly, the stiffeners
at W.S. 36.57, and rib and hinge assembly at W.S. 74.75 would be
jig located by tool holes and locators. The previously drilled
pilot holes would be opened to full size and the fasteners in-
stalled. The inboard hinge would be jig located by hinge points
and moldline locators.
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The stiffeners at W.S. 41.17 would be located to the
hinge and spar. The inbocard and outboard 'ribs at W.S. 41.17
would be hand located and positioned against the hinge and jig
locators. Pilot holes would be back drilled from the hinge
assembly through both ribs. Holes would also be drilled in the
spar web common to both ribs from pilots in the ribs. The in-
board and outboard ribs at W.S. 36.57 would be installed by
nesting to the hinge and jig locators and pilots would be back
drilled from the hinge assembly. The outboard ribs at W.S. 36.47
and 41.17 would be located and holes drilled in spar webs common
to all ribs and hinge assemblies. The remaining clips and fill-
ers would be installed. Fastener holes, commcn to rib webs and
hinge at W.S. 36.47 and 41.17, would be drilled and fasteners
installed.

The new weldbonded leading edge skin assembly would be
located on the structure by inserting the legs of the upper and
lowver spar caps between the outer and inner skins. Jig strap
clamps would be used to hold the skin assembly to the structure.
The existing structural pilot fastener holes would be marked on
the outer skin and drilled in position. The edge trim of the
skin would be marked from the spar for bench routing. The strap
clamps would be released and the skin would be removed from the
structure and trimmed net. After checking edge trim and marking
fastener hole 1locations, the skin would be reinstalled on the
structure and located by pilots. The remaining fastener holes
would then be opened full size and countersunk. The skin would
be removed for installation in the next sequence after the trail-
ing edge skins had been installed.

The lower trailing edge skin assembly would be located
by nesting against the spar assembly and lower moldline locators.
Fastener holes would be drilled through the spar web commen to
the lower inner skin and through the lower outer skin common to
the spar lower cap and ribs at W.S. 36.57 and 41.17. The forward
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edge of the trailing edge skin would be trimmed net by temporari-
ly installing the leading edge skin assembly to check skin gap.
The upper trailing edge skin assembly would be located in the
assembly in the same manner as the lower. After drilling and
trimming, both upper and lower trailing edge skin assemblies and
trailing edge wedge would be removed, deburred and hand cleaned
on the inner surface in preparation for the foam bond applica-
tion. After the skin assemblies and wedge had been cleaned, they
would be reinstalled in the assembly with a layer of foam adhe-
sive applied to the faying surface of the lower inner skin common
to the upper inner skin. Also, a layer of film adhesive would be
applied to both upper and lower surfaces of the trailing edge
wedge. Blind fasteners would be installed in the spar assembly
and trailing edge skin assemblies. The leading edge skin assem-
bly would then be permanently installed and blind fasteners
installed common to the upper and lower spar caps and leading
edge ribs.

The flap assembly would then be removed from the assem-
bly fixture, transported to an oven and cured. After cure, the
rub strips, markings, and nameplate would be installed as the
last operations.

2.2.2.4 Wing Leading Edge Extension

The two designs shown for the LEX are almost the same.
They differed in that the first utilized a single SPF aluminum
skin bonded to a SPF aluminum corrugated substructure, while the
second utilized two SPF aluminum skins over a SFF aluminum corru-
gated substructure. The second design allowed one skin to be
weldbonded and the other skin attached using blind fasteners. 1In
both designs, a machined leading edge was weldbonded into the
structure and the aft closing rib was mechanically attached.

These two design configurations of the LEX were pro-
posed to provide manufacturing more flexibility in selection of a
structure which would be easier and cheaper to fabricate.
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The proposed configuration would consist of all new

parts as follows:

/

"

//M

(1)

(2)

(3)

(4)

(5)

A machined rib, 1located along the forward spar
reference plane, with upper and lower caps ma-
chined to the inner moldline of the outer skins.

A machined "arrowhead" which extended from the
nacelle moldline forward and outboard to the
extreme leading edge reference plane. The arrow-
head would contain a machined step on both upper
and lower surfaces common to the inner moldline of
the skins.

An upper outer skin which extended from the step
in the arrowhead to the forward spar reference
plane and from the nacelle moldline forward to
approximately 0.50 inch aft of the extreme leading
edge. The skin would be manufactured using con-
ventional stretch forming and hydro forming meth-
ods.

A lower outer skin which extended from the ma-
chined step in the arrowhead to the forward spar
reference plane and from the nacelle moldline out
to the extreme leading edge where it wrapped
around the machined rib and extended over the
upper outer skin approximately 2.0 inches aft of
the leading edge. This skin would also be manu-
factured using conventional stretch forming meth-
ods.
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A SPF inner skin w1th,~ﬂfeé”évaﬁly spaced corruga-

,,EiQDSw“tnafT”paralleled the nacelle moldline and

leading edge reference plane. The inner skin
would be formed to the inner moldlines of the
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upper and lower skins and would extend from the
machined step of the arrowhead to the machined rih
and from the nacelle moldline out to approximately
1.0 inch inside the extreme leading edge.

There were two assembly versions proposed for the LEX.
One version was a two-stage operation that weldbonded the inner
skin, upper outer skin and arrowhead in the first-stage. The
second-stage assembled the lower outer skin, rib and first-stage
assembly by means of blind fasteners. The other version was a
two stage operation that used an adhesive bond method for assem-
bling the inner skin, upper outer skin and arrowhead in the
first-stage. The second-stage was identical to the second-stage
of the other version. The following was a detailed operation se-
quence for the fabrication of the inner skin and for both ver-
sions of the assembly:

Inner Skin

The inner skin would be of 7475 fine grained aluminum
alloy sheet furnished by Reynolds. The production blank would be
cut to size, degreased, alkaline cleaned, given a uniform spray
coat of forming lubricant and then air-dried. The SHFD would
have all foreign particles removed from the interior surfaces of
the tool. The tool would then be closed and pressure applied on
peripheral seals. The heat-up of the tool would then start.
After the tool was stabilized at operating temperature, it would
be opened and the production blank installed.

The tool would then be closed and press loads applied
to provide peripheral seal loads. Air pressure would be main-
tained in the upper and lower tool cavities until all areas of
the tool were within the forming temperature range. Air pressure
would then increase in the upper cavity with the pressure main-
tained in the lower cavity during the forming cycle. At the end
of the forming cycle, the upper and lower cavities would be
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vented to the atmosphere. The pressure load would be removed,
the tool opened and the part removed. The skin would then be
heat-treated, placed in a trim fixture, routed net, wrapped and
stored for use on next assembly.

Weldbond Assembly

The first-stage details which consisted of the upper
outer skin, inner skin and arrowhead would be processed for
weldbond as follows:

They would be vapor degreased and alkaline cleaned by
immersing the parts in a nonsilicated alkaline solution at 125 to
165°F for 12 to 15 minutes. They would then be spray-rinsed with
deionized water for 5 to 7 minutes and inspected for a water-
break-free surface. After inspection, the details would be
deoxidized by immersing in an agitated deoxidizer solution at 70
to 80°F to 6 to 8 minutes and spray-rinsed with ambient tempera-
ture deionized water for 5 to 7 minutes. They would then be
immediately immersed in an anodized solution at 70 to 80°F for 18
to 22 minutes within the required voltage range, spray-rinsed
again with deionized water for 5 to 7 minutes and oven-dried in a
recirculating air oven at 150 to 160°F for 30 to 60 minutes. The
cleaned and anodized parts would be handled with clean, cotton
gloves and maintained in a clean room atmosphere until the adhe-

sive for the weldbond was applied.

After anodizing, the parts would be given a special
surface treatment prime. The paste adhesive, warmed to room
temperature, would be applied to the faying surface of the inner
skin common to the upper outer skin and to the upper and lower
machined steps of the arrowhead common to the inner skin and
upper outer skin within 120 hours from the time they were ano-
dized, to a film thickness that would achieve a final bondline
thickness of 0.005 to 0.012 inch.
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The upper outer skin would be positioned in an assem~
bly fixture that would index the details and hold them in posi-
tion during the weldbond operation and also during the second-
stage operation for the installation of blind fasteners. The
arrowhead would then be positioned and adjusted to maintain a
proper gap between the edge of the skin and the step in the
arrowhead. The inner skin would then be positioned by nesting to
the lower outer skin and locators simulating the machined rib.
The gap between the inner skin and arrowhead machined step would
have to be maintained. An electrode anti-stick solution would
then be applied to the exterior surface in the areas to be weld-
bonded. Weldbonding would be accomplished within 96 hours of the
application of adhesive to the skin. After weldbonding, the
assembly would be removed from the assembly fixture and placed in
an oven at 255 +5°F for 90 minutes.

The second-stage of the assembly would consist of the
lower outer skin, machined rib and first-stage weldbonded assen-
bly. The details and subassembly would be assembled and in-
stalled in the same assembly fixture as that used in the first-
stage to control station location and moldlines. The rib would
be located in the assembly fixture by both station and moldline
locators. The first-stage subassembly would be located in the
fixture and nested against the rib. The lower outer skin would
then be positioned and nested over the inner skin and machined
rib.

Drill plate details and overlay would be installed, and
fastener holes drilled through the rib common to the inner skin,
and through the lower outer skin common to the inner skin, rib
and upper outer skin. The details would then be removed from the
assembly fixture, deburred, reinstalled and mechanical fasteners
installed.
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Adhesive Bond Assembly

The first-stage details which consisted of the upper
outer skin, inner skin and arrowhead would be processed for
adhesive bonding as follows:

They would be impression prefitted by assembling all
details in a bond fixture which would be a female type indexing
to the outer moldline of the upper skin and arrowhead. The bond
fixture would simulate the machined rib and provide locators for
positioning the inner and outer skin and arrowhead in position
during the bonding cycle. The impression fit would be accon-
plished by applying one ply of 0.015-inch thick FM643-2 mat
verifilm in all metal-to-metal bondlines. The bond fixture would
then be placed in an autoclave with thermocouples, bleeder cloth
and pressure membrane installed. A vacuum of 10 +2 inches of
mercury would be applied and all significant leaks checked and
eliminated. An autoclave pressure of 30 to 100 psi would be
applied and the assembly vented to the atmosphere. The tempera-
ture would then be raised from ambient to 225°F in a maximum of
120 minutes and then maintained at 225 to 250°F for a minimum of
90 minutes. It would then be cooled to 150°F or lower under
pressure.

The bond fixture would then be removed from the auto-
clave, the details disassembled and the verifilm inspected. Aan
acceptable fit would indicate a metal-to-metal bondline of 0.015-
inch maximum wherever one ply of verifilm has been used. Within
72 hours prior to application of adhesive primer, the surfaces of
the details should be prepared by phosphoric acid anodizing prior
to structural adhesive bonding.

After the surface of the details had been prepared, all
traces of cured adhesive or other contamination would be removed
from the bond tool surface and the tool would be wiped with
solvent. A release agent would be applied to the upper surfaces
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of the bonding tool at a temperature of 65 to 100°F and a rela-
tive humidity of 60 percent or less. It would then he air-dried
for a minimum of one hour and buffed to remove excess coating.
The tool would then be air-dried an additional 24 hours or oven-
dried at 225 to 250°F for one hour and rebuffed. The adhesiv."
and adhesive primers would be mixed and applied in enciosed areas
with the temperature between 65 to 90°F and a relative humidity
of 70 percent maximum.

NAl1-1412 type 2 adhesive primer would be applied by
spray to all surfaces of all skins and details within 72 hours
following completion of the final drying operation in the surface
preparation of the details. The adhesive primer would be thor-
oughly mixed for 15 minutes in a paint shaker immediately before
pouring into a spray gun reservoir. The primer would be applied
in a uniform coat to an air dry film thickness, then air-dried
for a maximum of 30 minutes and cured for 60 to 90 minutes at 225
to 250°F. NAl~-1412 type 1 class C f£ilm adhesive would be pre-cut
to size and applied to the bonding surfaces of all adhesive
primed details.

The upper outer skin would be positioned in the bond
fixture by tool holes and locators. The inner skin would be
positioned over the upper outer skin and nested against the
simulated machined rib bond fixture detail. The arrowhead would
then be installed over the outer skin and underneath the inner
skin and adjusted to hold skin gaps as before. The bond fixture
would then be installed in the autoclave with thermocouples,
bleeder cloth and pressure membrane.

A vacuum of 5 to 10 inches of mercury would be applied
and all lsaks checked and eliminated. Autoclave pressure would
then be applied and the vacuum side of the pressure membrane
vented to atmosphere. The temperature would be raised from
ambient to 225°F in a maximum of 120 minutes and then maintained
at 225 to 250°F for a minimum of 90 minutes. After the cure
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cycle had been completed, the autoclave would be cooled to 150°F
or lower under pressure. The bond fixture, pressure membrane,
bleeder cloth and thermocouples would be removed. The assembly
would then be removed and cleaned up. The assembly would be
trimmed net to remove tool hole tabs and adhesive flash in prepa-
ration for the second~stage operation. The second-stage sequence
of operations would ke the same as that noted in the weldbond
assembly.

2.3 COMPONENT RANKING

Upon the completion of the detailed drawings and the
manufacturing plans, sufficient data was available to determine
the cost and weight estimates for the selected components.
Additionally, the manufacturing plans also provided an opportuni-
ty to assess the risk associated with fabrication and/or assembly
of the SPF design of each component so that those factors could
be considered in the ranking as well. Once these data became
available, the components were ranked against +hese factors to
determine the final candidates. This section contains the de-
tails of these studies.

The manufacturing hours estimates were generated on a
12-shipset/lot basis. The hours given were cumulative to the
third shipset (Table 2-1) or 300 shipsets (Table 2-2). The hours
shown in Table 2-1 represented the methods and tools employed in
this program and did not necessarily reflect normal production
practice. A number of hand trim and drilling operations were
assumed rather than the fully tooled production approach. No
such deviations, however, were made with regard to the SPF form-
ing dies. Those tools were estimated as full production tooling.
The tool design fabrication and planning hours estimates reflect-
ed program, not production practices, and were presented as a
guide to expected program costs if their respective component was
picked for full scale production.
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For the purpose of this strdy, all baseline component
manufactusing hours were estimated as if the F~5F was just going
intc production of one shipset (Tl) and not at the current pro-
duction status of over 1000 shipset (T1000+). Overall, the
following ground rules and assumptions were considered throughout
the manufacturing cost estimates:

(1) Baseline Tl F-5F component manufacturing hours
were assumed as a new program and not at current
production rates.

(2) Standard and variances for organizations and/or
operations were developed from history. Actual
values used were representative of industry val-
ues,

(3) Estimates were for Research and Development (R&D)
type program of 3 shipsets and production program
cf 300 shipsets.

(4) Standard variances and slopes were dependent on
the operation.

The standard variances and slopes for 3 and 300 ship-
sets are shown in Tables 2-3 and 2-4, respectively. Figures 2-5
and 2-6 schematically represent the cumulative average hours
comparison for each component. In addition, Figures 2-7 through
2-10 further describe the direct recurring labor hours comparison
between the baseline and the SPF designs of each component.
Also, these cost figures represent the projected comparison
between 71 and T1000 shipset.

This section also includes the piece count and fastener
count reduction data associated with each component. The piece
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TABLE 2-3. VARIANCES AND SLOPES FOR THREE SHIPSETS

OPERATION i T1 VAR ‘ % SLOPE
| I
MACHINED PARTS } 4 } 90
SHEET METAL FABRICATION { 4 } 95
SUPERPLASTIC FORMING AL, DETAILS ; 6 { 87
WELDBOND ASSEMBLIES i s I 95
SIMPLE SHEET METAL ASSEMBLY : 20 { 78
CHEM MILLED DETAILS } 2 { 95
ALL COMMON PARTS i 2 i 95

TABLE 2-4, VARIANCES AND SLOPES FOR 300 SHIPSETS

OPERATION = Tl VAR } % SLOPE
I I
MACHINED PARTS { 5 { 920
SHEET METAL FABRICATION ! 4 } 85
SUPERPLASTIC FORMING AL, DETAILS { 6 I 87
WELDBOND ASSEMBLIES { 6 { 20
SIMPLE SHEET METAL ASSEMBLY = 12 { 90
CHEM MILLED DETAILS } 2 = 95
ALL COMMON PARTS i 2 E 95
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count reduction was determined from the detailed drawings of
each components SPF design. The fastener count reduction, on
the other hand, was also a function of the assembly sequence
scheduled through the manufacturing plans. These data give an
indication of where the cost savings lie when applying the SPF
technology. The fastener count and piece count reduction data
are shown in Tables 2-5 and 2-6, respectively.

TABLE 2~5. COMPONENT FASTENER COUNT REDUCTION

I | I | I
| COMPONENT | BASELINE | SPF DESIGN | DELTA |
I I I I I
I I | | I
| AVIONICS DECK | 1009 | —— | =-1009 |
I —
| NOSE GEAR WHEEL DOOR | 27 | -— | - 27 |
| | | | |
| TRAILING EDGE FLAP | 1049 | 474 | =575 |
I —
| LEADING EDGE EXTENSION | 63 | 18 | - 45 |
I I | I I
TABLE 2-6. COMPONENT PIECE COUNT REDUCTION

I I | I I
| COMPONENT | BASELINE | SPF DESIGN | DELTA |
| | I I |
| I I I I
| AVIONICS DECK | 63 | 10 | =53

| —
| NOSE GEAR WHEEL DOOR | 21 | 9 | -12

I I I I I
| | I I I
| TRAILING EDGE FLAP | 98 | 42 | ~56

I I I I I
| | I I I
| LEADING EDGE EXTENSION | 2 | 5 |+ 3 |
I I l I I
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The component rating chart (Table 2-7) ranked each
component according to six significant attributes. The recurring
cost savings and program cost ranking reflected the manufacturing
hours estimates previously given.

TABLE 2-7. COMPONENT RATING CHART

| I I I | |
| | | NOSE | TRAIL~ | LEADING |
| RATING CRITERIA | AVIONICS | GEAR | ING | EDGE |
| | DECK | WHEEL | EDGE | EXTEN- |
| | | DOOR | FIAP | SION |
! I | I I I
I I I I I |
| RECURRING COST | 1 | 9 | 10 | 5 |
| | I l | I
! I | I | I
| WEIGHT | 3 | 1| 5 | 5 |
| I | l I I
I I | | I I
| TECHNOLOGY | 1 I 7 3 5 I
I I I I l I
I | I I | |
| SPF RISK | 10 | 5 | 3 | 2 |
| I I l l I
I | I I I I
| ASSEMBLY RISK | 7 | 4 5 | 2 I
I I I I I I
I I I I | |
| TOTAL | 22 | 35 | 26 | 19 |
I | I I I I
COMPONENT RATING: SCALE 1 THROUGH 10, 1 = BEST

The weight savings potential was somewhat of a subjec-
tive evaluation as the lack of a complete stress analysis pre-
cluded a detailed weight analysis. However, the substitution of
the sheet metal SPF leading edge extension for a heavy hogout
part could not fail to reduce the component weight significantly,
hence, effecting the ranking order of these components.

The avionics deck through large reductions in piece
count and fastener count had significantly less linear inches of

52

’f




el onuiel

-

lap joint and thus, achiébed a modest weight savings. The trail-
ing edge flap piece count reduction did not produce a clear weight
savings, however, the stiffened pan design was lighter than the
existing rib/honeycomb design. The nose gear wheel door SPF
design replaced a bonded honeycomb structure and it was doubtful
if any weight savings could ke realized.

The risk and technology assessments were all highly
subjective and required some explanation. The avionics deck
contained areas with over 300 percent elongation and nested
channels between closely held fuselage outer moldline and the
deck reference planes. Because its design required the most
accuracy and greatest superplastic deformation it, therefore,
ranked highest in technology advancement and highest in risk.

The nose gear wheel door offered considerably less risk
because of more modest forming requirements. It was similar in
design to many honeycomb replacement schemes used in SPF titanium
and advanced composites and therefore, rated lower on the tech-
nology advancement scale.

The leading edge extensions represented the least risk
because of 1lower SPF deformations (150 percent maximum) and
uncomplicated assembly. However, the skins required the develop-
ment of dies capable of accepting preforms and thus, provided for
significant t2chnology advancement. The trailing edge flap
required the same preform approach coupled with more severe
deformations and showed somewhat greater technology advancement.
However, simpler assembly procedures and a more accommodating
design reduced the program risks.

The rating chart (Table 2-7) showed the LEX design
ranking highest followed by the avionics deck with the trailing
edge flap and the nose gear door a distant third and fourth
respectively. The relatively poor showing of the trailing edge
flap was the result of the large amount of remaining parts (42)
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and fasteners (474) and its significantly larger size than any
other component. The size and final piece count contributed
greatly to the program tooling costs making it the most expensive
of the components to make in the program. The reasons for the
poor showing at the 300th shipset was caused by the long forming
times of the many SPF details. Comparing the program quantity
estimates with 300 shipset estimates showed the original hours
saving turned into a loss at 300 shipsets because of inherently
flatter learning curves of superplastic forming (fixed run times)
and bonding.

2.4 FINAL SELECTION

Taking into account all of the foregoing factors and
rankings, Northrop recommended that the best component candidates
for full scale development were the avionics compartment lower
deck assembly and the wing LEX. The avionics deck being the most
cost effective and offering the most technology advancement was
mainly due to the SPF waffle pan.

This superplastically formed =substructure not only
replaced a substantial number of details from the baseline de-
sign, but also offered the highest challenge toward forming of
SPF aluminum. In certain areas of the pan the pockets were drawn
as deep as 4 inches, which meant elongations in the range of 350-
400 percent. The LEX was recommended for weight savings poten-~
tial and the least risk involved in forming. A SPF LEY corruga-
tion would also establish baseline cost and weight data for SPF
corrugated structures. Even though the SPF design of the LEX
increased the piece count over the baseline, the recurring cost
and weight savings potential justified its selection over the
nose gear wheel door and the trailing edge flap.
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3. DESIGN AND ANALYSIS

This section contains a detailed description of the
design and analysis of the selected components (Lower Avionics
Deck and LEX). It will cover the preliminary design and analysis
efforts conducted during the initial phase of part selection and
the final design and analysis conducted on the selected compo-
nents. The design process along with the design modifications
and the reasons behind them will be discussed in detail.

3.1 PRELIMINARY PART DESIGN

Prior to the selection of two final F-5F candidate
components, the preliminary design was initiated in order to
generate the manufacturing plans. As a result, the baseline
forward fuselage avionics deck and the wing LEX components were
both redesigned as SPF assemblies. As discussed earlier, the
major emphasis during the redesign was on reduction of piece
count and associated assembly costs. For both components, the
baseline moldlines and reference planes were maintained, and the
key design issues became design parameters such as bend and
corner radii, aspect ratio (width/depth), draft angles and the
thickness profile. The structural description of the two compo-
nents along with their preliminary SPF design approach are pre-
sented in the following paragraphs.

3.1.1 Forward Lower Avionics Deck
A detailed description of the avionics deck baseline
design was given in Section 2.2.1. The original SPF design as

discussed earlier was comprised of only five pieces, with the two
side longerons common to the original design. All of, the sub-
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structure would be combined into one SPF waffle pan. Upper and
lower SPF skins would cover the substructure waffle pan (Figure
2-1). However, clearance provisions for under deck equipment and
exterior access and antenna mounting provisions created structur-
al discontinuities and subsequently increased the piece count
from the original estimates.

The later version of the avionics deck SPF design as
shown in Figure 3-1, consisted of nine SPF details; a upper skin,
a waffle pan, a lower skin, two left-hand (L.H.) and right-hand
(R.H.) bathtubs, two L.H. and R.H. channels, a Z-stiffener at
F.S. 68.50, and an outboard stiffener. The R.H. and L.H. side
longerons were replaced by the overlapped outboard edges of the
inner skin, waffle pan, and outer skin parts. The edges were
flanged together to provide sufficient cross sectional area to
function as longerons and provide the mounting flange for the
avion.ics compartment access doors. This later version of the
avionics deck was used to generate the manufacturing plans de-
scribed earlier in Section 2.2.2.

Throughout the preliminary design stage, other design
parameters such as material gage, corner radii, pocket aspect
ratios, and draft angles were dictated by preliminary stress
analysis, analytical thinning predictions, and data from previous
studies on SPF aluminum,

3.1.2 Leading Edge Extension

A detailed description of the LEX baseline design was
given in Section 2.2.1. The SPF design of the LEX was to replace
the internal ribs and spars with truss type SPF corrugations
running fore and aft. As discussed earlier, two different ver-
sions of the LEX were considered for redesign as an SPF assembly.
The first version was the entire LEX, and the second version
consisted of the portion forward of the shear pin.

56




UPPER DECK

WAFFLE PAN

SUBSTRUCTURE

LOWER SKIN

Figure 3-1. Modified Avionics Deck SPF Design

Trade studies were performed to determine which version
of the LEX should be considered for a SPF design. Access re-
quirements and load intensities required the retention of the
existing fittings. Therefore, there was little advantage left in
redesigning the entire LEX. As a result, only the forward por-
tion of the LEX was redesigned as an SPF assembly. Two versions
of the SPF LEX design were developed during the preliminary
design stage. Both versions were similar except in the area of
skins., The first version consisted of a single piece skin where
the second version had upper and lower skins to provide wanufac-
turing more flexibility in selection of a structure which would
be easier and less costly to fabricate. Both versions consisted
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of a SPF corrugated substructure which would be bonded to the SPF
aluminum skins. The second version allowed one skin to be weld-
bonded and the other skin attached using blind fasteners. 1In
both designs, a machined leading edge would weldbond into the
structure and the aft closing rib was mechanically attached.
Conceptual sketches of the SPF designs for both versions are
presented in Figures 3-2 and 3-3. A more detailed description of
the LEX and its manufacturing plans was presented in Section
2,2.2.

3.2 PRELTMINARY ANALYSIS

A preliminary stress analysis based on computer predic-
tions of structural element thinning and derived mechanical
properties was undertaken. It was recognized that during the
Task I trade studies and preliminary design phase, all of the
necessary mechanical properties were not available in sufficient
quantity for each of the candidate materials. Therefore, to
provide the designer with the needed information in a timely
manner, a set of preliminary allowables were projected from
available data. SPF aluminum test data which had been developed
at Northrop and elsewhere were used as the base. These values
were reduced to a psuedo "A" basis (99 percent of the data ex-
pected to exceed the "A" basis allowable with a confidence of 95
percent) by assuming that, if a sufficient quantity of data were
available, the same statistical reduction factors would be ap-
plied to the SPF aluminum as those used in MIL-HDBK-5D for a
similar sheet material. It was further assumed that the same
temperature reduction factors applied to both materials.

Further analysis of the selected components was con-
ducted by finite element modeling (FEM) of each structure and the
use of the NASTRAN analysis program. A finite element analysis
was necessary because the unconventional structure in the SPF
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configuration did not lend itself readily to conventional analy-
sis due to the discontinuous load path in the parts. The avion-~
ics deck NASTRAN model, as shown in Figure 3-4, consisted of four
separate submodels; FEM of the outer skin, waffle pan, substruc-~
tural details, and inner skin. The avionics deck structure was
modeled entirely of isoparame*ric flat shell elements (CQUAD4's
and CTRIA3's). Care was taken to represent the pan stiffener
intersection fillet=. The loading on the structure came from
inertia loads of installed equipment and the air loads on the
structure and radome which attached to the bulkhead on the for-
ward edge of the deck assembly. The avionics deck FEM was joined
to the F-5F forward fuselage mandel at bulkheads at its front and
rear and a partial web connected the upper nose structure to the
deck. The rest of the fuselage model aft of F.S. 87.50 was not
used, and the displacements and forces from the critical loads
cases were applied to the F.S. 87.50 bulkhead.

The LEX was modeled mostly of CQUAD4's and CTRIA3's
(Figure 3-5) except for a few solid elements to represent the
leading edge arrowhead fitting, the lug and areas of the attached
rib. Since the LEX FEM was of modest size, no truncation was
required on this model. The LEX NASTRAN model was mated with the
existing F-5F model. Material thicknesses were evaluated and
included in the model. The upper and lower skin thicknesses were
a constant 0.065 inch, and the rib web and flange thicknesses
were 0.080 inch throughout. Corrugation thicknesses were ac-
gquired through an analytical computer SPF thinning analysis.
This program calculated the thicknesses of a SPF structure at
various locations given the sheet gage and properties and the
dimensions of the corrugations. The corrugation thicknesses are
shown in Figure 3-6.

Two load cases were performed as check on the validity

of the NASTRAN results, a 10,000-1lb tip shear load and a 100g
gravity load. Since the results of the two check cases validated
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Deck NASTRAN Model
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SPF Leading Edge Extension NASTRAN Model

Figure 3-5.
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the structural behavior of the model, the third load case con-
taining the actual flight pressure loads was run. The pressure
loading on the LEX was a trapezoidal distribution running span-
wise along the upper skin. The loads ranged from 9,97 to 18.02
psi, inboard to outboard respectively. The cross-sectional
loading distribution is shown in Figure 3-7.

3.3 FINAL DESIGN

Since superplastically formed parts experience thinning
reductions that are many times greater than what occurs in con-
ventional forming, the geometry cof the forming cavity and the
relationship of the final part to this cavity had to be fixed
before the final design and/or analysis. Aas a result, the final
design of both candidate components was not completed prior to
completion of Tasks II (Material Evaluation and Selection) and
IITI (producibility Forming Tests). The findings of Task III in
specific, were of great importance since they established the
final design parameters such as cavity wall draft angles and edge
and corner radii. The following paragraphs discuss the design
modifications on both components and their final design.

3.3.1 Forward Avionics Deck

The final design of the avionics deck incorporated
several changes. First, as discussed earlier, the major design
revision was the elimination of the right- and left-hand side
longerons and their replacement by overlapped edges of the upper
skin, waffle pan, and lower skin. Secondly, since the original
draft of the waffle pan depressions did not allow the pan's
moldline flanges to match the existing antenna and door cutout
fianges, the inboard side walls were eliminated and replaced by
formers and intercostals, as shown in Figure 3-8. 1In addition,
the aft center pocket on the waffle pan was eliminated, and the
two narrow pockets of the left-hand side were joined to their
neighboring pockets. The narrow pocket on the right~hand side
was also 3joined to the neighboring pocket. These modifications
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Figure 3-8. Final Aviorics Deck SPF Design

were also in support of the producibility test results since the
increased aspect ratio (width/depth) and slenderness ratio
(length/depth) of the new pockets improved the thickness profile
and provided a more uniform thinning. Figure 3-9 clearly repre-

sents the original and modified designs of the avionics deck
waffle pan.
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(b) Modified Design (5° Draft Angles)

Figure 3-~9. Avionics Deck Waffle Pan Redesign

A third modification to the original design was the
reduction of the waffle pan draft angles from 15 degrees to 5
degrees to further increase the uniform thinring. This change
was _1so dictated by the producibility studies where forming of
subcomponents with 15 degree draft angles showed excessive a-
mounts of non-uniform thinning. The foregoing pan redesign
indirectly influenced the upper skin design as the new draft
angles shifted the pan flanges and consequently effected the
skin trim pockets.
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Finally, the lower flanges of the waffle pan, where the
upper skin, waffle pan and lower skin joined, were modified to
reduce the number of joggles on the lower skin flanges. All the
joggles on the upper skin, waffle pan, and lower skin were elimi-
nated at F.S. 47.50 and 87.50 for simplicity. This was done
subsequent to a decision that the final avionics design would not
be a flight article. The foregoing decisions were all made with
the approval of the Air Force. The deck flange modifications are
shown in Figure 3-10. As a result of the foregoing, the final
SPF avionics deck design consisted of the following:

(1) SPF Upper Skin

(2) SPF Waffle Pan

(3) SPF Lower Skin

(4) Two Hydroformed Formers

(5) Two Machined Formers

(6) Three Hydroformed Intercostals

A total of ten structural details and the addition of the four
access doors would increase the piece count to 14. However, when
comparing the SPF to the baseline design, we could disregard the
access doors which are common to both designs. The final de-
tailed drawings of the SPF avionics deck are shown in Figures 3-
11 through 3-14. These drawings were all generated by the CADAM
(Computer Aided Design and Manufacturing) System.

The final LEX design was also modified due to the
complexity involved in the fabrication of the original design.
Further review of the original design showed that the outboard
closeout skin could not withstand the crushing pressures during
the weldk>nding process. Hence, as shown in Figure 3-15, the
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(a) O0ld Design

Figure 3~10.

(b) New Design

Avionics Deck Waffle Pan Flange Modifications
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outboard closecut skin was made into one solid piece continuous
with the leading edge. The new LEX design had a total of five
parts, upper and lower skins, leading edge, corrugation and
closeout ribh. The machined leading edge was also modified in the
area where it met the rib to allow for a smooth load transition.

Another design revision subsequent to producibility
studies was the modification of the corner radii. Since thinning
and cavitation measurements of the original LEX producibility
subcomponent had shown unfavorable results, the corner radii were
changed from 1/4 to 3/8 inch, to decrease the amount of thinning

in that area.
3.4 DESIGN CONSIDERATIONS

The foregoing sections discussed the design modifica-
tions on both the avionics deck and the LEX. In order to arrive
at the best design of a SPF structure, we need to consider sever-
al factors. Other than the geometry and the forming parameters
of the selected material, the component forming feasibility needs
to be investigated to avoid problems such as sub minimum thick-

nesses and/or cavitation.

As evidenced by the avionics deck and L1LEX redesign,
most of the design modifications were dictated by the forming
feasibility test results. These studies are perhaps the most
important factor in the design of any complex SPF structure.
During these studies, subcomponents representing the most severe
areas of the component are fabricated and tested. This is done
to assess the producibility of the component based on the assumed
initial design parameters. In case the studies show unfavorable
results, such as cavitation problems and/or undesirable sheet
thicknesses, a modified design of the component is carried out.
As a result, parameters such as material gage, draft angles, and
edge and corner radii could all be modified.
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Tt is important to note that these design parzmeters
requiring modifications are in no way general to the SPF process.
They are instead, a unique characteris!‘c of the component under
design. Furthermore, the producibility studies are not a general
design requirement. In fact, once these studies have been con-
ducted successfully on a particular material, the accuracy of the
available analytical thinning prediction methods is assured for
that material. However, since these semi-empirical techniques
are not explicitly material dependent, the forming feasibility
studies become a requirement when dealing with a new material
systemn.

3.5 FINAL ANALYSIS

The final analysis of the avionics deck and LEX includ-
ed a detailed review of the output loads and an assessment of
their structural integrity after all design modifications. A
rigorous finite element model was necessary because; (1) the
thickness gradients due to the forming process and the discontin-
uous load paths were not easily evaluated by conventional analy-
sis and (2) to ensure successful redistribution of the loads as
compared to the baseline.

A total of nine loading conditions were evaluated for
the avionics deck:

(1) Two supersonic inflicht conditions

(2) Two subsonic maneuver conditions (yaw and roll)
(3) Three taxiing conditions

(4) Two miscellaneous pressurization conditions

The most critical loading condition was the supersonic symmetri-
cal pull up at Mach 1.3 (SAB 13010), including internal pressure

8l




PO P

WDk,

o™y

Nl

3

and inertial loading performed at 7.33g's at an intermediate
weight. The rigorous NASTRAN model and all of the loading condi~-
tions were used to represent the actual structure as accurately
as possible.

The entire model of the nose, with an exploded view of
the components of the deck, was shown in Figure 3-4. More than
3,000 elements composed the avionics deck model which included
six deqgrees of freedom for each grid point; three in the
rectangular coordinate system and three in the rotational
coordinate system. The results gained from the model included
the achievement of an acceptable convergence level and reasonable
internal loading, deflections, and stresses.

Figure 3-16 shows a superimposed plot of the deformed
and undeformed shapes of the deck and pan which were separated
for clarity. The deformed shapes are a result of the most criti-
cal loading condition. These deflections have been scaled up
many times so as to provide ease in viewing the overall bending
from the cantilevered edge at the bulkhead at F.S. 87.50. The
actual deflection was approximately 0.13 inch. Some localized
twisting occurred at the access holes due to unsymmetrical char-
acteristics of the substructure. The peak stresses ranged from
4,500 to 12,000 psi at the critical areas located about 1/3 the
distance from the cantilevered edge. The critical areas were
checked for buckling and crippling of the pan. In all instances,
the margins of safety achieved were high. A thinning analysis
was performed on the critical area of the pan. The results of
this analysis showed the most critical web located at the same
area could be thinned to 0.037 inch.

A post-NASTRAN program called NOR-POST was processed to
generate the major principal stresses of all elements. A de-
tailed review of the loading on all models showed the loading to
be non critical factor in case of the avionics deck. In fact as
review of the skin model indicated, the stress levels on three
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elements were in the area of 12,000 psi for the most critical
loading condition (SAB 13010). These were element number 159509
with a stress of -11,596 psi, element number 160011l with a stress
of -12,836 psi and element number 161709 with a stress of ~-12,200
psi. Review of the inner skin and pan models indicated similar
results for all load conditions. Therefore, a secondary review
of the model was conducted to assess the effects of all design
modifications.

Figure 317 represents a comparison of two pan sections
with the original and modified draft angles. As seen in the
diagram, the actual shear load carried by the pan walls is: Vv =
V/Cos 91 for case (1) and V3 = V/Cos 92 for case (2).

Assuming the vertical shear V remaining constant for
both cases:

Vo/V; = cos 0/cos 6,

or in case of the waffle pan when 91, (original draft angle) =
15° and 0, (modified draft angle) = 5°

Va/Vy = Cos 15°/Cos 5° = 0.975

This indicates that a change in the wall draft angles does not
change the shear loads substantially. Further reviews of the
model also showed the stiffness of the modified deck to be suffi-
cient for the prescribed loading. Overall, the NASTRAN model
proved the validity of the design concept and it was concluded
that the 1limiting factor of the design concept was the forming
parameters rather than the stress levels.

In the case of the LEX, the original stress results
from the flight pressure load case were low enough (less than 16
ksi) to allow the upper and lower skin to be thinned down from
0.065 inch to 0.050 inch. The results of the original NASTRAN

84

B TS T S SRV P



-

i \

(a) TYPICAL PAN POCKET, OLD DRAFT ANGLE 8, = 15°

4‘ .‘_—82
|
| )

= §°

T

<
<
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Figure 3-17. Comparison of Avionics Deck Waffle Pan Sections
With Different Draft Angles
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run yielded the maximum major principal stress of 35,565 psi
located on the forward, inboard upper skin of the LEX (Element
22101). This stress was localized occurring in the area of the
lug, a location which took the majority of the loading. The
minimum major principal stress was -4,760 psi, located on the
lower skin of the LEX in the same area as the maximum stress.

Overall, the stresses on the upper skin of the LEX were
low (<10 ksi). The maximum major principal stresses (>10 ksi)
are given in Table 3-1, and the locations of these stresses are
shown in Figure 3-18. The stress plot of the major principal
stressas on the upper skin of the LEX FEM are shown in ¥igures 3-
19, 3-20 and 3-21 which show the chordwise and spanwise stress
distribution. Further review of the NASTRAN lcads showed the LEX
redesign to have no significant effects on the structural adequa-
cy of the part.

TABLE 3-1. LEX MAXIMUM MAJOR PRINCIPAL STRESSES

| I | I |
| ELEMENT ID | STRESS (KSI) | ELEMENT ID | STRESS (KSI) |
| | I I I
I | | | I
| 18101 | 11.55 | 21101 | 12.67 |
| 18151 | 12.20 | 21151 g 12.27 [
| 18171 | 10.83 | 22101 | 35.57 !
| 18181 | 11.37 | 22161 | 10.42 |
| 19101 | 15.16 | 22171 | 8.72 ]
| 19151 | 16.90 | 23101 | 17.11

| 19171 | 13.00 | 24151 | 15.13 1
| 19181 | 12.71 | 24161 | 15.30 !
| 20101 | 16.78 | 24171 | 15.93 |
| 20151 | 16.75 | 24181 | 15.16 1
| 20152 | 15.36 | 24191 | 13.78

| 20171 | 11.96 | 24201 | 11.04 |
| 20172 | 10.82 | 25201 | 13.78 |
| 20181 | 10.26 | | }
| | | I
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3.6 TOOL DESIGN

BRased on the final design of the components, several
tooling concepts were studied to choose the most cost effective
way of producing the SPF dies. There were two different methods
of fabricating the SPF dies, conventional or numerical control
(N/C) machining. In the conventional method, a plaster model of
each part was generated using a number of templates and a steel
die was machined by tracing the plaster model. For a part with
simple geometry, this method might be faster than N/C machining,
although the final die would be less accurate than a N/C machined
die. The most time consuming task of the N/C machining method
was to generate the N/C program tapes. Once the tapes were
ready, the program would be checked by maéhining a soft foam
block. Subsequently, the necessary modifications could be made
on the N/C program. The N/C machining method was considered much
more accurate than the conventional plaster method and made it
easier to modify the tool. Since the LEX corrugation had a much
simpler geometry than the avionics deck waffle pan, its corruga-
tion die was decided to be fabricated by conventional machining.
Due to the complexity of the avionics deck SPF dies, they were
decided to be fabricated by N/C machining.

To reduce the tooling cost, it was determined to use
the existing production titanium SPF cage die which required all
SPF dies be designed to fit the cage. Since all SPF parts had
been designed by the NCAD and/or CADAM computer systems, it was
convenient to generate cross sectional views, key reference
surfaces, and data points from those computer -models. Tool

designs were completed from the engineering designs considering a,

differential coefficient of thermal expansion (CTE) between the
steel dies and the aluminum SPF parts. The direction of the
tooling surface was also determined considering the assembly
sequence and the tolerance build up problems. The required tool
surface data were included in the engineering and tocl drawings.
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Based on the final design of the avionics deck, the
tooling concepts for the SPF dies were examined for manufacturing
tolerances, schedule and cost. The choice between conventional
and N/C machining was decided based on a close tolerance accuracy
and a faster schedule of completion. Conventional profile ma-
chining required a master tool to trace from, and the inaccura-
cies could be transferred directly into the production tool. 1In
addition, the time required to fabricate the master combined with
machining the dies proved to bhe longer than it would for the N/C
method. The costs for both methods were relatively the same and
only slightily higher for the conventional method. A lower risk
was involved with the N/C method since the N/C tape check on
scrap stock which reduced the possible fabrication errors in-
volved in conventional machining.

¥iith the concept methodology and parameters set, the
dies for the avionics deck lower skin, upper deck and waffle pan
were designed on CADAM. By having the design parts in CADAM and
NCAD, the tool designs were completed by converting engineering
part designs into tool designs. The tool designs were completed
by incorporating the thermal expansion of the steel with the
addition of four tool locating points.

Having completed the tool die designs on CADAM and
NCAD, the surface data for N/C machining were down loaded for use
in generating the N/C program tapes. The CADAM 2-D designs also
served as dimensional aids for estimating and shop fabrication.
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4. MATERIAL EVALUATION AND SELECTION

The objective of this task was to select and evaluate
an aluminum alloy which represents the best combination of SPF
and post-SPF mechanical properties for use in fabricating air-
frame structures.

This task was conducted in two phases: (1) a prelimi-
nary evaluation of three candidate alloys to select one alloy
representing the best combination of superplasticity and post-SPF
mechanical properties, followed by (2) an extensive evaluation of
the finally selected alloy.

4.1 MATERIAL SCREENING

A preliminary screening was conducted to pick three
candidate alloys with the best SPF potential. These alloys were
either procured in a fine-grained condition or were given a
thermomechanical treatment (TMT) to refine their grain size. The
superplastic response of each alloy was subsequently quantified,
process parameters were defined and maximum useful superplastic
elongations were determined. Cones were formed under biaxial
tension at elevated temperatures to evaluate superplasticity and
determine process parameters.

The results of preliminary evaluations were analyzed
and the three alloys were rated for source, availability, SPF
performance, useful elongation and structural properties.

4.1.1 Selection of Candidate Materials

The candidate materials included both ingot and powder
metallurgy aluminum alloys and offered a broad range of service
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properties including strength, damage tolerance and durability.
Among the ingot aileyz, 7475, 7075, 7050, 2024, Supral 100 and
Alcan 08050 were considered; among the powder alloys, X7091
(formerly known as CT-91) was considered. The three alloys
selacted for preliminary evaluation and a brief rationale for
their selection are as follows:

4.1.1.1 Characteristics of 7475 Alloy

It is a high strength aluminum alloy which offers
strength equal to that of 7075, fracture toughness superior to
7075 and equivalent to 2024-T3, resistance to stress corrosion
cracking comparable to 7075 and exfoliation resistance (in 7475-
T61 condition) superior to 7075-T6. It has a relatively clean
microstructure (fewer iron and silicon bearing inclusions than
7075, i.e., fewer natural sites for cavitation during the SPF
deformation). It can be mill produced in fine grained condition,
has demonstrated capabilities for large superplastic deformation,
and can be procured from several sources in the U.S.

4,1.1.2 Characteristics of 7050 Alloy

It offers high strength and various other service
properties characteristic of the 7XXX alloys. In addition, it
has a lower sensitivity to the rate of quenching than other
alloys in the same fanily. This property is considered very
desirable because if optimum strength can be developed in an as-
formed 7050 SPF component by a slower cool than water quench,
(e.g., by a.r cooling after solution treatment and before aging).
Problems associated with warpage due to thermal stresses induced
during heat treatment would be significantly reduced. The pres-
ence of zirconium in the 7050 alloy also affords it more effi-
ciency in grain refinement durirng mill processing. This alloy
can also be easily procured from several domestic sources.

94

-




4,1.1.3 Characteristics of X7091 Alloy

This alloy was selected because of its high strength,
high corrcsion resistance and excellent toughness (without com-
promising strength). These superior properties are due to an
inherently clean, fine grained and uniform structure in this
alloy. The combination of the desirable service properties,
typical of the 7XXX alloys and the fine microstructure inherent
in the powder (P/M) alloys, in X7091 alloy is expected to result
in a structural aluminum alloy with a high potential for SPF.
All of the X7091 material used in the earlier portion of this
program came from another AFWAL program, "High Strength P/M
Aluminum Mill Products." This material was produced by Reynolds
Metals Co., and the approval for its use was granted by the USAF
Program Monitor of the said program.

4.1.2 Material Procurement

Mill stock of the three alloy plates of 7475 and 7050
and extruded bars of X7091 were thermomechanically processed
(heat treated and rolled) into sheets with nominal gauge thick-
nesses of 0.060, 0.090 and 0.125 inch using the most desirable
treatments investigated under a joint Northrop-Reynolds IR&D
study. Specifically, two mill practices were used for producing
these sheets. One was a "plate practice" wherein the material is
warm rolled to an intermediate gauge after the thermal treatment,
and then cold rolled to the finish gauge(s). The other was a
"coil practice" in which the material was hot rolled prior to the
thermal treatment and then cold rolled down to the finish
gauge(s). The plate practice was used to produce sheets in all
three gauges, 0.060, 0.090, and 0.125 inch. The coil practice
was used to produce sheet in 0.060 inch gauge thickness only.

The reason for producing sheet in the 0.060-inch gauge
thickness by both practices, "plate" as well as "coil", was to
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provide the user an option to choose between the superior super-
plastic performance and the lower procurement cost. The sheet
produced by the plate practice has better superplastic forma-
bility than a sheet of egquivalent thickness produced by the coil
practice. However, a sheet produced by the coil practice waz
expected to cost less than that produced by the plate practice.
This is because in manufacturing production quantities of sheet
by the coil practice rolling is done on five stand, irreversible
mills and involves no hand operations. In manufacturing sheet by
the plate practice, rolling is done on reversible, single stand
mills and involves some hand work.

4.1,3 Preliminary Material Evaluation

The material evaluation prior to the final selection of
the optimum alloy was primarily an assessment of the elevated
temperature response of the three candidate alloys mill produced
sheets. The SPF properties, service properties and microstruc-
tural observations on the three alloys were compared, along with
their sources and availability, and the alloys ranked in order of
desirability. A significant change from the classical approach
to the evaluation of material superplasticity was incorporated in
the test plan. Testing was done by biaxial forming of cone
shaped specimens rather than by the uniaxial tension test of
sheet coupons. The main reason for this was to ensure that the
test methods employed could measure true material superplasticity
in the high strength aluminum alloys without being affected by
other phenomena occurring in these alloys which influence the‘r
superplastic ductility. It is well known that high strength
aluminum alloys fail during the conventional SPF deformation by a
mechanism involving cavity initiation and growth rather than by
the classical mechanism of necking from strain localization as in
Ti-6A1-4V and other titanium alloys. An elevated-temperature
uniaxial tension test performed on the strips of these aluminum
alloys without suppression of cavitation would result in a mixed
mode failure that is due to necking as well as cavitation, and
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would not measure true material superplasticity due to necking
along with strain localization.

The biaxial tension SPF cone test procedure lends
itself more readily to suppressing in situ cavitation during
deformation than uniaxial tension test, and it also provides an
opportunity to study the material behavior under conditions
closer to those in manufacturing area. A biaxial-tension type
test in which a sheet coupon is superplastically formed intec a
controlled geometry can be conducted in conjunction with a
pressurization technique to suppress cavitation during deforma-
tionl-3, This technique provides a better measure of
superplasticity, since the effect of cavitation is minimized,
even eliminated, so that the failure is expected to occur primar-
ily by necking due to strain localization. Although the cone
test has limitations4, primarily due to the effect of friction on
strain and strain rate, the resulting errors due to this effect
are believed to be considerably smaller than those due to cavi-
tation. The close correspcndence between the elevated-tempera-
ture uniaxial tensile test results and those obtained by the
elevated-temperature biaxial tension cone forming method has been
demonstrated previously in the non-cavitating titanium alloysS.
The parameters measured from a cone test are the radius of curva-
ture and sheet thickness at the pole and the height of the cone
formed. Material flow stress, total strain and strain rate, can
be computed by measuring the applied gas pressure and the time
allowed to form the cone, as shown by Mackay, et al. on a previ-
ous AFWAL programS.

Dies to form cone shaped specimens were plumbed for gas
introduction and exit during SPF, and were checked out by trial
runs. It was determined that the cone test results could be
reasonably well translated into the elevated temperature flow
parameters (¢, m,é) of the candidate materials.
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Typical three dimensional microstructures of the three
test alloy sheets, 0.125 inch thickness, are shown in Figures 4-1
through 4-2. A generally fine grain structure with rélatively
small aspect ratios is apparent in most cases. Using a linear
intercept method on a Bausch and Lomb FAS-II image analyzer,
grain size and aspect ratios wers determined on each shezt in the
longitudinal short transverse (L-ST) plane near the sheset sur-
face, as well as near the centerline of sheet thickness. The
average grain diameter along the rolling direction and that
normal to it, together with the respective values of the standard
deviation and the aspect ratio are shown in Table 4-1. Each
value of the grain diameter represents an average of 200 line
counts (ten different fields on b .ecimen L-ST plane with 20
lines on each field).

This technique was utilized on all of the samples
except the X7091. The X7091 samples did not etch properly to
allow for the grain boundary intercepts to be measured with the
image analyzer. To determine grain diameter of the X7091, five
photomicrographs of each sample were taken and the grain bounda-
ry intercepts were manually measured on the photomicrographs.

The 7475 sheet material exhibited the finest grain
structure of the three alloys examined. The average grain diame-
ter for the plate rolled samples was between 8.3 and 9.1 Mdm,
measured in the direction transverse to the sheet rolling direc-
tion. The standard deviations for these measurements were also
the lowest. The average grain diameters in the direction paral-
lel to the sheet rolling direction ranged between 13.0 and
16.3 pm. The grain diameters of the coil rolled sheet samples
were slightly higher.

The grain structure of the 7050 material was slightly
coarser than that of 7475, however, there was very little differ-
ence in the grain diameter of the coil rolled 7050 =-IV sample
compared to the specimens from the other sheets of this alloy.
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Figure 4-1. As Received Microstructure of SPF Aluminum Alloy

Sheet 7475-I (0.125 Inch Thickness)
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Figure 4-3. As Received microstructure of SPF Aluminum Alloy
Sheet X7091~I (0.125 Inch Thickness)
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The microstructure of the X7091 material varied widely
depending upon where the measurements were made. The grain
structure in the center of the sheet was generally finer than
away from it. The grains near the sample surface were very
coarse with some of the average diameters exceeding 50 microme-
ters. These large grains were observed in all of the X7091
sheets produced by the various processes.

Elevated temperature cone tests were conducted on the
three alloys for determination of their superplastic formability.
Test temperatures in the range of 840 to 980°F were used for the
7475 sheets. Similar temperatures were used for testing the
X7091 alloy sheets. Temperatures for 7050 sheets were slightly
lower, 840 to 945°F, due to a lower solvus temperature. Con-
stant gas pressures in the range of 100 to 150 psi were used to
impose several nearly constant strain rates to SPF a given cone
geometry.

Results obtained from the elevated temperature tests
are listed in Table 4-2. Typical results are also shown as log
flow stress (g) versus log true strain rate (€) cuxrves in Figures
4-4 through 4-6. The corresponding strain rate sensitivity (m)
versus log true strain rate curves are shown in Figures 4-7
through 4-9.

The shapes of the two types of curves shown in Figures
4-4 through 4-9 are those normally expected. The 1logQg -
log € curves are generally sigmoidal, a stretched S-shape, with
segments of lower values of slope in regions of high and low
strain rates flanking a nearly linear segment of higher slope in
region of intermediate strain rate. The 0~€ relationship in this
intermediate region is described by the equation.

O(E,T) = kem(€) (1)
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where T is the test temperature and k a material constant. The
m- logé€ curves, calculated from the slope of the logg -
log € curves (m = glogg /glog€), usually have a bell shape with a
peak value lying in the intermediate strain rate range and
significantly lower values obtained in regions of high and low
strain rates.

These results show that 7475 alloy had the highest peak
m values. The range of peak m values for the various sheet
gauges of this alloy evaluated over the temperatures of 900 to
970°F was 0.64 to 0.88. The corresponding peak m values were in
the range of 0.5% to 0.89 over the temperatures of 900 to 935°F
for 7050 alloy and 0.3 to 0.5 at 970°F for X7091 alloy. Since
peak m values in a variety of superplastic materials have been
shown to be related to the fracture strain®:7, the higher the
peak m value of an alloy, the higher is its projected superplas-
tic strain. The strain rates corresponding to the peak m were
also in a higher range for 7475 alloy than for the other alloys,
1.5 x 10~4 to 1 x 1073sec™l for 7475, compared to 7 x 10”5 to 5 x
10"4sec-l for 7050 alloy and 3 x 10~4 to 4 x 10~4sec~l for X7091.
The differences in the strain rates are important, since the
higher strain rates would result in shorter fabrication time and,
therefore, lower cost for a given component. Finally, of the
three alloys evaluated, the flow stresses corresponding to the
peak m values were the lowest for 7475, approximately 350 psi at
1.5 x 10~4 sec™l and 1,000 psi at 1 x 10”3 sec™l for 7475,
compared to 400 to 500 psi at 7 x 210~ sec™l and 1,000 to 1,200
psi at 5 x 10~4 sec”l for 7050, and 550 to 800 psi at 3 x 1074
sec™l and 650 to 90C psi at 4 x 104 sec™l for X7091. The lower
flow stresses are advantageous, since they translate into lower
gas pressure requirements during forming and, due to the lower
resultant stress concentrations, result in reduced incidence of
cavitation.
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4.1.4 Post~SPF Microstructural Evaluation

The primary purpose of thisz evaluation was to dehermine
the effect of superplastic deformation on the wicrostructurxe of
these alloys. The microstructural features examined were those
most closely related to the service properties, namely cavitation
voids and grain size.

Table 4-3 presents a description of the alloy 7475
specimens selected for the metallographic evaluation. These
specimens were selected to determine the effect of SPF strain,
the forming temperature and the strain rate on cavitation and
grain size. The 0.090-inch thick 7475 material was chosen for
this evaluation because the 0.090-inch sheet thickness is inter-
mediate between 0.060 and 0.125 inch thickness. ‘Therefore, the
observations made with the 0.090 inch thick material may be
extrapolated to the 0.060-inch thick as well as the 0.125-inch
thick material.

Table 4-4 presents a similar description of the select-
ed cone specimens of alloys 7050 and P/M 7091.

A pie shaped section was excised from sach of the cones
selected for metallographic evaluation. It was mounted to reveal
the cross section of the thickness plane, and prepared for opti-
cal metallography using the standard procedures. As polished
samples were examined to determine cavitation in four locations
along the specimen cross section. These locations represented
regions of four different SPF strains in the cone, including the
region of minimum strain (designated as Area 1), maximum strain
(Area 4), region of strain at or near the onset of cavitation
(Area 2, onset being defined as < 0.5 percent areal cavitation),
and a region of intermediate strain between onset of cavitation
and maximum cavitation (Area 3). All measurements of cavitation
were performed using a Bausch and Lomb FAS II image analysis
system interfaced to a Leitz MM5 metallograph. In measuring
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true strain by the total forming

maxamm

(* Indicates that the specimen ruptured.)

(2) calculated by dividing the

(1) Measured from a photograph of the cross section of the cone specimen.
time of the test.




TABLE 4-4. LIST OF 7050 AND P/M 7091 CONE TEST SPECIMENS
SELECTED FOR METALLOGRAPHIC EVALUATION

I ] I | | |
i | CONE | TEST TEM~ | INITIAL SHEET | MAXIMUM STRAIN | TRUE |
| SPECIMEN ID |NUMEER| PERATURE | THICKNESS | acumevep (1) | rRrate (2) |
I | | B ] () | (%) | (sech) |
| 1 | | I | |
| | I I ! | |
| 7050-TI-EL | 4 | 850 | 0.030 | 39 |  6.1x0™5 |
| [ I I | | I
I I | | | I I
[ 7056-I1-E2 | 2 | 900 | 0.090 I 45 [ 6.8x1070 |
| | | | 1 | |
| | | | | | |
| 7050-1I1-P4 | 3 | 900 | 0.090 1 56 |  8.3x1073 |
| | | [ I I l
I I | I I | |
| 7050-II-E3 | 3 | 900 i 0.090 1 83 | 1.4x107¢ |
I | | | | 1 |
| | | I | I I
| 7050-11-P6 | 1 | 935 | 0.090 i 33 |  5.0x1075 |
| i I i { | I
| | | ! ! I I
| 7050-11-p6 | 3 | 935 | 0.030 | 91 | Lixiomd |
| | I | | | [
| | I | I | |
| 7050-Iv-P5 | 4 | 970 | 0.090 | 38 |  6.2x107¢ |
| | | | | I I
I I I l | | l
| 7080~III-P6 | 4 | 970 | 0.090 | 320 * |  5.4x207% |
| | I ! | I |

(1) Measured from a photograph of the cross section of the cone specimen.
(* Indicates that the specimen ruptured.)

(2) calculated by dividing the maximm true strain by the total forming
time of the test.

cavitation, it was of critical importance to distinguish between
cavities and constituent particles. This was done by ensuring surface
flatness during specimen preparation, so that the particles would not
be pulled out of the matrix leaving "cavities" behind, and by a
careful adjustment of the threshold setting for cavity detection. The
error in resultant measurements was within +5 percent of the measured
value when cavitation was in excess of 1 percent., The error rose to
within +10 percent when cavitation was between 0.5 to 1 percent, and
was approximately #15 percent when cavitation was very small (< 0.5

percent).
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Subsequent to the determination of the areal cavita-
tion, these samples were etghed to reveal the grain boundaries
for determination of grain size ané grain shape in these regions.
A linear intercept method was used =nanually for measuring all
grain sizes. Five neighboring fields of view were first photo~
graphed at 250 magnification at each location #f a given speci-
men. Five lines, each 106 mm long, were then inscribed on each
of these photographs alcng the sheet rolling direction. The
number of intercepts waz counted on each of these lines and
average longitudinal grain diameter {a) was determined at that
location. Five similar lines were subsequently inscribed on
duplicate prints of the same photomicrographs in a direction
transverse to the sheet rolling direction. Intercepts were
counted as before, and the transverse grain diameter (35) was
determined at each specimen location. The grain aspect ratio, a
measure of grain shape, was calculated as the ratio (a/b).

Figure 4~10 shows an example of the results of metallo-
graphic evaluation on a 7475 alloy specimen. The photomicrograph
on the top left shows the cross section of the specimen and
identifies the four selected areas representing different SPF
strains. The values of local strain in each of these areas,
measured directly on the photomicrograph, and the @ and b grain
sizes as well as the area cavitation corresponding to each of
these four areas are tabulated below the photomicrograph. A
complete set of data for the various specimens of 7475 alloy is
presented in Table 4~5. The corresponding photomicrographs at

- these locations, both as polished to reveal cavitation and as
etched to reveal grain boundaries, are shown at the right. an
increase in cavitation with increasing strain, i.e., as one moves
from area 1 to area 4 along the specimen cross section, is appar-
ent in this figure. No change in the grain size with increasing
SPF strain is apparent at first sight.
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AS POLISHED
13 cm™

STRAEN 50.6 122.0 262.0 316.0
(%)
GRAIN SIZE (3 19.6 18.3 17.8 16.7
(pm)
GRAIN SIZE (b) 9.4 9.3 9.6 10.0
(um)
AREAL CAVITATION 50,01 0.1 43 12.8
(%)

Figure 4-10. Microstructure of a 7475 Alloy Cone Specimen
(ID 7475-II-P., Cone 4) at Various Strain Locations,
Tnitial Sheet'Thickness 0.090 Inch, Test Temperature
970 F
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TABLE 4-5. Fo

TOTAL AREA 1
SPECIMEN FORMING FORMING
TEMPERATURE TIME
IDENTIFICATION
{F) {SEC) . GRAIN SIZE (um) _ AREAL
€ € 4 1 |CAVITATIOM ¢
o | sech - 3 %) ]
2 b

7475-11 ~ E5 — CONE 2 850 5400 46 183x108]) 152+1.0] 75203 | 203 0 84 {1
E1- CONE2 850 5400 72 {13Xx10%] 17.7+1.0] 87204 | 203 0 157 |2

E5- CONE 4 850 5400 84 115%x10°] 20.1204] 01204 | 220 3 <001 170 |2
E1—CONE4 850 5400 12 {20x10°5] 132205] 71202 | 156 0 315 |s.

E7 -~ CONE 2 935 3856 125 13.0x105] 18.5209]100205 | 211 0 323 |7.

E3 - CONE 2 835 2376 125 150x10°) 205+08] 98+03 ] 2.00 0 228 |1

E7 - CONE 4 935 3856 208 J43x10%] 178206101202 ] 2.08 0 721 |1,

E3-— CONE 4 9% 2376 170 l66x10°%] 22721.1}100205 | 227 0 721 f2.

P7- CONE2 970 2878 15.7 15.1x10°| 19.421.0] 204 | 211 0 564 |1,

P6 ~ CONE 2 970 1569 112 |s8x105] 18.6209] 9.3+03] 200 0 447 |2

P7- CONE4 970 2878 506 |1.4x10%) 19.6+09) 94208 ] 209 <0.01 1220 |2

PG~ CONE 4 970 1569 18.0 110x107*] 18.3+09} s.1+03 ] 201 0 1630 | s.

v e m————-
v




TABLE 4-5. Forming Data for 7475 Aluminum Alloy Sheets
LOCATION
AREA2 AREA 3
e R K N I N T
‘ b (%) (%) | (sECTY) — b (%) @ | (sech - 5 (%)
3 b 3 b
03] 203 0 84 |15x105] 166+09) 78203 | 200 <0.01 125 J22x 109} 156209 | 77103 2.03 0.01
04§ 203 0 157 J27x105)165208] 78202 | 2.15 0 206 |35x 109} 157209 ] 7.6:03] 2.07 0
a4l 220 1 <voi 170 {29x10°3)204220] 90204 | 227 | om 219 |37x 105} 190209 § 0t02] 238 0.02
D21 156 0 315 §50X10% 13910 70202 | 153 0 318 |59% 105} 134208 69202 | 198 0
05 | 211 0 329 |74x10% 214210 97204 | 2,01 0 46.3 |9.9x 1075 207£1.0 {10.0£05 | 2.09 0.01
03] 209 0 428 J1sx104)188£10) 92203 | 2.15 0 50.0 | 1.7X 10} 19508 ) 9003 ] 2.17 0
2] 209 0 721 |1axw0t 1723210100205 | 196 1.2 166.0 |25 X 107*] 16.12 1.0 | 10.320.4 | 1.85 5.2
05| 227 0 721 |23x10%]18.4212] 87203 | 2.10 05 166.0 |4.1x 10 170210 | 94203 ] 181 28
04 211 0 564 |15x10%] 179206 89203 | 201 0.055 808 J2.1x107*]186+09] 89+0.3 | 2.09 0.05
0.3 200 0 a47 J23x 1074 182209 88203 | 207 0 524 §27x10%] 16408 |a.6402 | 1.90 0
08| 209 | <vor | 1220 j28x10*] 18320893203 | 195 | o1 2620 f45x10% 17806 9.6:04 ] 1.85 43
03] 201 0 1630 |62x10%] 14707 84203 | 175 04 2210 |7.4x 19} 140 07] 87203 ] 1.60 36
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AREA 4
- AREAL . GRAIN SIZE {am) _ AREAL
3 JcAVITATION| e ¢ ) 7 [CAVITATION
5 %) % | (sech - = T %)
2 b
03 0.01 170 130x10°%) 165+1.0] 51203 | 2.05 0.01
07 0 206 {35%x109) 1652100 78202 | 213 | <001
J
.38 0.02 219 137x10%)18621.0] 81202 | 230 0.63
1.9 0 1.3 |sax10130205) 6822 | 1.9 0.02
2.08 0.01 463 19.9x105)207+08) 97204 | 218 0.1
217 0 500 |1.7x104] 181208 88203 ] 2.06 02
185 5.2 1930 J28x 10} 165208 J11.6205 | 1.67 12.7
181 28 1930 [45%x107*}17.3209] 95206 | 182 a4
2.09 0.05 866 122x10%Y 184210 85204 | 2.16 0.08
1.90 0 606 I30x10%]162+1.0] 85+03 ] 190 0.01
1.85 43 3160 Ja.9x10%] 16708 [100205 | 167 12.8
1.60 36 2850 §8.6x1074]137207] 8804 ] 160 72
45
/R0
=5

L R el
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The cavitation measurements of Table 4-5 for the 7475
alloy sheet are plotted as a function of the GPF strain in Figure
4-11. The data obtained at all three temperatures are presented
in this figure. Several observations made from the plots in this
figure are summarized in the following paragraphs.

Virtually no cavitation, < 0.5 areal percent, was
observed up to 60 percent SPF strain at all three temperatures.
Beyond this strain, cavitation began to increase with increasing
strain. Up to 100 percent strain was achieved with a cavitation
level of < 1 percent at 935°F temperature. This value of strain,
with cavitation < 1 percent, increased to 150 percent when the
temperature was raised to 970°F. Beyond 100 percent strain at
935°F and 150 percent strain at 970°F, cavitation increased
dramatically with the increasing strain. Values of areal cavita-
tion in excess of 12 percent were obtained with strains of 320
percent. As expected, the effect of temperature was to suppress
cavitation. This is evidenced by the fact that the 970°F curve
is to the right of the 935°F curve, i.e., larger SPF strain is
attained at the higher temperature for a given level of cavita-
tion. However, from the slopes of the curves at these two tem-
peratures, it is noted that the effect of temperature is to delay
cavitation, perhaps due to a more efficient accommodation of
cavities by the faster diffusion at the higher temperatures,
rather than to retard its rate. Thus, a higher temperature
serves to delay the onset of cavitation but does not significant-
ly influence the rate of cavitation, i.e., the rate of nucleation
and growth of cavities. Strain rate showed a similar effect on
cavitation as the temperature. For the levels of strain achieved
in these specimens, Table 4-5, virtually no cavitation was ob-
served up to strain rates of 1.5 x 10~4 sec~l. Beyond this
strain rate, cavitation rose rapidly with the rise in strain rate
and strain. Again, the effect of a higher temperature was to
shift the cavitation curve to the right on the strain rate axis,
i.e., at higher temperature the onset of cavitation occurred at a
faster strain rate than at lower temperature.
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The longitudinal and transverse grain size measure-
ments, a and b, for the 7475 alloy sheet were examined as a
function of the SPF strain, Tabkle 4-5. A slight grain refinement
with increasing SPF strain was noted in these specimens, Figure
4-12. This is in contrast to the predominant grain growth ob-
served in Ti-6Al-4V alloy as a result of the exposure to SPF
process conditions8:2, but is possible due to a dynamic recrys-
tallization effect at the higher strain ratesl®. The transverse
grain size, b, showed very little change with strain, Figure 4-
13. Thus, the net result due to a slight refinement in the a
dimension and little or no change in the b dimension. was to
reduce the a/b aspect ratio, i.e., the grains were a little more
equiaxed after SPF deformation than in the initial mill produced
sheet material.

Microstructural observations similar to those shown in
Table 4-5 and Figures 4-~12 and 4-13 for 7475 were also made for
7050 and P/M 7091 alloys. Trends observed in the SPF behavior of
alloys 7050 and P/M 7091 were similar to those noted in 7475.
However, the overall strains attained in these alloys prior to
onset of cavitation, as well as when cavitation becomes signifi-
cantly large, were considerably smaller than those attained in
7475.

4.2 FINAL MATERIAL SELECTION AND EVALUATION

The second phase of this task included an extensive
evaluation of the finally selected alloy. The foregoing obser-
vations regarding the preliminary evaluation of the superplastic
performance of the three alloys, in addition to the considera-
tions of their source and availability, led to the choice of 7475
as the most suitable of the three alloys for use in this program.
Subsequent to selection of 7475 for fabrication of the program
components it was thoroughly characterized. This characteriza-
tion included fabrication of SPF pans with varying levels of
strains from which test specimens were excised, determination of
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the mechanical and structural properties of the post-SPF materi-
al, examination of microstructure of the formed material, and
correlation of microstructural features with the observed proper-
ties of material formed to different SPF strain levels and load-
ing conditions. The approved plan for the test matrices to
determine post-SPF properties of the finally selected material,
and evaluation of its secondary processability after SPF is shown
in Tables 4-~6 and 4~7, respectively.

4,2,1 Material Evaluation

The test plan described in Tables 4-6 and 4-~7 repre-
sents a systematic and thorough approach to help meet Task II
goals. As shown in the tables, comprehensive post-SPF static and
fatigue mechanical property data were obtained on the finally
selected alloy. Static properties were generated for longitudi-
nal and transverse orientations from two initial sheet thickness-
es and three SPF strains. Selected combinations of three varia-
tions were used for fatigue and environmental tests. Stress
corrosion, exfoliation corrosion and fatigue crack growth in salt
water were also tested.

In addition, secondary processing factors were exam-
ined. The ability of the SPF material to accept paint, adhe-
sives, and anodic coatings was tested as well as the spot and
seam weld quality. Chemical milling was also evaluated. Appro-
priate microstructural evaluations were performed to verify the
results obtained in the material testing effort.

Subsequent to the selection of 7475 as the final alloy
sheets of this alloy were mill produced in two gauges, 0.090 and
0.125 inch, at Reynolds' mill production facilities at McCook,
Illinois and Richmond, Virginia. Efforts were concentrated on
spot checking this mill produced material to ascertain its SPF
potential, and the as produced microstructure and room-tempera-
ture mechanical properties.
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The constant-strain-rate cone tests with the dual
pressurization approach used for spot checking the SPF potential
of the mill produced material, was the same as that used previ-
ously with the lab produced wmaterial. A set of test conditions
approximating the expected forming conditions, 970°F test temper-
ature and strain rates in the range of 5 x 10~5 to 5 x 104 sec~1
were employed. One cone test using four cones, each forming at a
different, although nominally constant strain rate was made for
each of the two sheet materials tested. The SPF parameters
determined in this manner are shown as log flow stress (g) vs.
log strain rate (€) plots in Figures 4-14 and 4-15, respectively,
for the 0.125~ inch and the 0.020-inch material. The results of
the present tests are shown as solid points in these figures.
The average curves, previously obtained from several tests on the
lab produced material using similar testing procedures are also
presented in these figures for comparison. The elongation ob-
tained at the pole of each of the four cones, calculated from the
reduction in thickness, is indicated on these plots by a number
adjacent to each solid point. The number in parentheses is the
corresponding value obtained with the laboratory material under
comparable conditions.

The following observations were made from these re-
sults:

(1) For both sheet gauges produced at the mill, the
logo - logé values were very close to those
predicted by the average curves corresponding to
the lab produced material. The data for the mill
produced material could be directly superimposed
on the prior curve for the lab material. Conse-
quently, the resultant m values or slopes of these
curves at various strain rates, were also the same
as those obtained before, both in their absolute
magnitude and in the range of strain rates for
the peak m.
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(2) It was noted from the thickness strain values at
the poles of various cones that the mill produced
material showed slightly lower strains than the
laboratory produced material for both material
thicknesses. This could be due to several rea-
sons, including a possible difference in the
chemistries of the laboratory and the mill materi-
als, which would influence the cavitation re-
sponse, and thereby their SPF strains. However,
the relative difference in strain to fracture
(largest strain number on each plot) between the
mill and the laboratory produced versions of the
two gauges of sheets was large only in the case of
the 0.090-inch thick material (224 percent vs. 304
percent). The difference in the 0.125-inch thick
material was only 5 percent (426 percent vs. 448
percent).

Based upon the foregoing, it was concluded that the SPF
potential of the two mill materials was comparable to that of the
laboratory produced materials.

4.2.2 Microstructural Evaluation

The three dimensional microstructures of these materi-
als are shown in Figures 4-16 (7475-I, 0.125 inch thick) and 4-17
(7475-II, 0.090 inch thick). A slight surface to center
variation in the grain size and morphology was noted in both
sheet gauges. However, it was believed to be too small to appre-
ciably influence the SPF behavior of these materials. The aver-
age values of grain size in the longitudinal and short transverse
directions were 22 +1.8 and 8.8 +0.4 un, respectively, for the
0.125=inch thick sheet, and 18.4 +1.3 and 8.3 +0.4 um, respec-
tively, for the 0.090-inch thick sheet. The aspect ratios were
2.5 and 2.2, respectively, for the 0.125- and 0.090-inch thick

132

P et - - ] . PN - - . e T R T s e dhat et ad

o




X~ e R

R e SRt

N, T T T T

Microstructure of the Mill Produced SPF Aluminum
Alloy Sheet M7475-I (0.125 Inch Thickness)

Figure 4-16.
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Alloy Sheet M7475-I1 (0.090 Inch Thickness)

Figure 4-17.
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sheets. The corresponding values of grain size for the laborato-
ry produced material in the longitudinal and short transverse
directions, respectively, were 15.3 #4.1 and 8.7 +1.3 um, for the
0.125-inch thick sheet, and 13.6 +3.1 and 9.1 +1.4 um for the
0.090-inch thick sheet. The aspect ratios were 1.9 and 1.5,
respectively, for the 0.125- and 0.090-inch thick sheets.

4.2.3 Property Evaluation

The room temperature mechanical properties of the two
SPF aluminum mill materials, M7475-I and HM7475-II in the T6
condition, are listed in Table 4-8. Also shown for comparison in
this table are similar properties for the conventionally produced
0.090-inch thick 7075 sheet. It is apparent from these data that
some of the properties of the mill produced 7475 material in both
gauges were comparable, and in some instances superior, to those
of the conventional 7075 material. An important observation to
be made here is that the SPF mill material is more isotropic in
the plane of the sheet than the conventional 7075 material. This
is consistent with the less elongated, more equiaxed grain struc-
ture in the SPF material than in the conventional 7075 material.

The post-SPF property evaluation task consisted of SPF
pans to obtain specimens for post-SPF evaluations and determining
the post-SPF mechanical properties and secondary processing
parameters. The type of tests and the results obtained are
described in the following paragraphs.

4.2.3.1 Superplastic Forming of Pans

Trough shaped pans of different geometries, represent-
ing different magnitudes of maximum superplastic strain, were
fabricated using the superplasticity parameters determined earli-
er. The pressure-time profiles (forming cycles) for fabricating
these pans and a photograph of typical pans are shown in Figures
4-18 and 4-19, respectivelyll, All of these pans were formed at
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TABIE 4-8. RESULTS OF ROt TEMPERATURE TENSILE TESTS ON THE MILL~PRODUCED
SPFF 7475 AUIMINUM AIIOY SHEETS (IN T6 CONDITION) AND THE OON-
VENTIONALLY PRODUCED 7075-T6 SHEET

| | | | [
MATERIAL, | | YIEID | ULTIMATE | |
IDENTIFICATION | ORIENTATION | STRENGTH | STRENGTH | ELONGATION | MODULUS
! { (KSI) I (KSI) : (%) = (106ps1)
l l | I I
| | 74.4 | 83.8 | 4.5 | 11.9
M-~7475~I | LONGITUDINAL| | [ |
[ | 75.0 | 84.6 | 15.3 |  11.4
1
AVERACE 74.7 84.2 14.9 11.7
[
| | 74.5 | 83.9 | 19.1 | 11.3
M-7475-1 | TRANSVERSE | 74.3 | 3.7 | 15.5 | 11.9
| |  74.3 | 83.7 | 14.8 | 12.4
|
AVERAGE 74.4 83.8 16.5 11.9
|
| | 76.0 | 847 | 13.9 |  11.4
M-7475-I1 | IONGITUDINAL| 76.1 | 84.7 | 14.2 [ 1.1
| | 76.0 | 84.6 | 15.5 | 10.8
. |
AVERAGE 76.0 84.7 14.5 11.1
|
| | 73.7 | 84.4 | 15.5 |  11.2
M-7475-IT  DRANSVERSE | 73.4 | 83.9 | 14.7 [ 11.4
| [ 73.9 | 84.2 | 14.5 |  12.0
{
AVERAGE 73.7 84.2 _ 15.0 11.5
[
| | 73.5 | 79.4 | 14.6 | 10.3
7075-T6 | IONGITUDINAL| 72.8 | 78.9 | 14.1 | 10.4
| | 73.5 | 78.3 | 15.3 |  10.3
l
AVERAGE 73.3 78.9 14,7 ;0 3
I
| | 73.4 | 82.7 | 15.5 | 10.5
7075~T6 | TRANSVERSE | 73.1 | 82.0 | 14.5 | 10.4
| | 78.4 | 80.3 | 14.9 | 10.5
[
AVERAGE 75.0 81.7 15.0 10.5

. . — — —— — — — — — —— — ——— —— — ——— — —— — —— T — ——— — — — . T S—0. ————

NOTE: M-7475-I Sheet is 0.125 inch thick.
M-7475-II and 7075-T6 Sheets are 0.080 inch thick.
Modulus values were measured from the load-displacement curves.
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Figure 4-18.

Pressure~Time Profiles (Forming Cycles) Used for

Fabricating SPF Pans of Thrae Geometries
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Figure 4-19.

SPF Pans of Aluminum Alloy 7475 With Varying

Severity of Forming
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temperatures in the range of 960 to 970°F using a dual pressuri-
zation technique, i.e., a compressive hydrostatic pressure, in
addition to the normal tensile pressure for cavity suppression3.
The maximum strains in the flat bottom region of these pans were
approximately 50 percent (low severity pan, Figure 4-19), 100
percent (medium severity), and 150 percent (high severity).

4.2.3.2 Post-SPF Evaluationsg

The SPF pans were air cooled and heat treated to a peak
age (T6) condition by solution treating, water quenching and a
long time low temperature aging. Specimens were subsequently
ex-ised for post-SPF material property and secondary processabil-
ity evaluations. Most of the specimens were obtained from the
bottom flat portion of the pans, although some of the tests also
utilized specimens from other sections of the pans.

4.2.3.3 Post-SPF Material Properties

Sections obtained from the SPF pans of the type shown
in Fiqure 4-19 were tested for the various room temperature
properties in accordance with the test matrix shown in Table 4-9.
As mentioned previously, all specimens were in a T6 condition.
Results of these were presented at international conference on
superplasticity in aerospace aluminuml? and are described in the
following paragraphs.

4.2,3.3,1 Tensile Tests

Typical results of tensile tests conducted on the post-
SPF coupons are shown in Figure 4-20. It is evident that the
ultimate and yield strengths do not depend upon the amount of
prior SPF strain over the present range of strain. It is also
noted that the strength values are substantially higher than the
MIL~-Handbook 5 minimum requirements., The elongation 1is aiso
independent of SPF strain, and is greater than the MIL-Handbook 5
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TABLE 4-~9. TEST MATRIX USED FOR EVALUATION OF POST SPF PROP-

ERTIES OF A FINE GRAIN SPF 7475 ALUMINUM ALLOY

I |
TEST | MECHANICAL PROPERTY | TEST METHOD
| DATA REQUIRED I
| I
| |
I I
TENSION | Ftu, Fey, e, E | ASTM E 8
| I
SHARP-NOTCH TENSION | SNS, SNS/Fgy | ASTM E 388
| |
COMPRESSION | Fey, Ec | ASTM E 9
I |
BEARING | Forus Fpry (/D = 2.0) | ASTM E 238
| |
SHEAR | Feu | PUNCH-TYPE
| I
FATIGUE,Kt=1.0,R=0.1 | STRESS~-LIFE (104 TO 106 | ASTM E 466
| CYCLES) |
I I
FATIGUE,Kt=3.0,R=0.1 | STRESS-LIFE (104 TO 1.0® | ASTM E 466
| CYCLES) |
| I
FATIGUE CRACK GROWTH,| da/dN VS AK | ASTM E 647
R=0.1, AIR | |
I I
FATIGUE CRACK GROWTH,| da/dN VS AK | ASTM E 647
R=0.1, SALT WATER | I
I |
STRESS CORROSION, | NO STRESS CORROSION | ASTM G 44
ALTERNATE IMMERSION | CRACKING IN 84 DAYS | ASTM G 39
| AT 75% MINIMUM YIELD |
| I
CONSTANT~IMMERSION | EXFOLIATION RESISTANCE | ASTM G 34
| |
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Figure 4~20. Effect of SPF Strain on 7475-T6 Tensile
Properties

requirement, up to a value of 100 percent SPF strain. Beyond
that, the elongation shows a slight loss with increasing SPF
strain.,

To date, very little published data are available in
the literature showing the effect of SPF strain on the post SPF
room temperature properties of high strength aluminum alloys.
The only available results of this nature on a similar alloyl3
support the aforementioned observations, i.e., yield and ultimate
strength values are not influenced by the SPF strains of these
magnitudes and the elongations shows a drop beyond 100 percent
SPF strain.
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4.2.3.3.2 Notched Tensile Tests

Figure 4-21 shows the results of notched tensile tests
on the post SPF 7475 material representing various SPF strains.
It is seen here that after a slight initial loss in the notched
tensile strength (NTS), below approximately 100 percent SPF
strain, the value remains steady and becomes independent of
strain. Accordingly, the notched tensile strength-to-yield
(RTS/Ty) ratio also shows some dependence on SPF strain at the
lower strain values and none at the higher strains.

ksi MPa 1.0
60 T ] ] T T T T .

INITIAL SHEET THICKNESS
— 400 0.125 in, (3.2mm) NTS/Ty INTS
oNG. | 0 | & 0 o

TRANS ) A

[34)
o
!

— 375

. {/‘%///////////%////

NTS/Ty,

NOTCHED-TENSILE STRENGTH
o
o
|

L 325 \ \\\ '
45 o
06
- 300 0
40 ! ! ! | | | | 05
0 20 40 60 80 100 120 140 160

SPF STRAIN (%)

Figure 4-21. Effect of SPF Strain on 7475-T6 Notched Tensile
Properties

4.2.3,3.3 Compression Tests

Compression yield strength of the post SPF specimens of
7475 is shown in Figure 4-22 as a function of SPF strain. After
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Figure 4-22. Effect of SPF Strain on 7475-T6 Compression
Yield Strength

a flat response up to 100 percent strain, the results show 3 to
4 percent reduction in strength at 150 percent SPF strain.
However, the measured values of the compression yield strength in
the entire range of SPF strains remain higher than the MIL-Hand-
book 5 required values.

4.2.3.3.4 Bearing Tests

Typical results of these tests are shown in Figure 4-23
as plots of bearing yield and ultimate strength versus SPF
strain. Similar to the compression yield strength, the bearing
strength is independent of the SPF strain up to 100 percent
strain. At 150 percent strain, a slicht loss of 5 percent is
observed in the bearing strength values. It is however, of
concern to note that the present values are similar in magnitude
to those required by the MIL~-Handbook 5. Thus, it is possible
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Figure 4-23. Effect of SPF Strain o 7475-T6 Bearing Strength

that the statistically arrived design allowable bearing strength
values of the post-SPF material may lie lower than the handbook
requirements. This could impact the design philosophy in those
instances where bearing strength is of concern.

4.2.3.3.5 Shear Punch Tests

Results of these tests, as presented in Figure 4-24,
show a slight decrease in the shear punch strength at the higher
end of the SPF strain. The specimens corresponding to the
0.125-inch initial sheet thickness, i.e., prior to pan forming,
tended to retain their strength at the higher SPF strains much
better than those corresponding to the 0.090-inch initial sheet
thickness. This would suggest that the lower shear punch
strength values at the higher SPF strains are related to a
thickness effect. Present results are too limited to establish

that trend clearly.
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Figure 4~24. Effect of SPF Strain on 7475-T6 Shear Punch
Strength

We see from the foregoing discussion of the results of
the mechanical tests above that in most instances the properties
of the post-SPF material exceeded the MIL~-Handbook 5 re-
quirements by a significant margin. Only two tests, bearing and
shear punch, gave results which were cnly slightly above, or
sometimes below, the MIL-Handbook 5 requirements. Although a
detailed investigation to explsin these observations was not
undertaken, it is postulated that the present results indicate a
tendency for loss in shear strength of the material after SPF.
It would be of interest in future investigations to confirm this
and to determine the effect of specimen thickness and the magni-
tude of cavitation on the shear strength of the post-SPF materi-

al.
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4.2.3.3.6 Fatique Tests

Smooth fatique tests were conducted by applying maximum
stresses in the range of 30 to 50 ksi at a stress ratio (R) of
0.1. The specimens were in a T6 condition and chemically milled.
The results are shown as open and closed symbols and a solid line
in Figure 4-25. The available data on conventionally processed
commercial materiall4,15 and on a thermomechanically processed
fine grain materiall3, similar to the present as-received materi-
al, are also shown for comparison. Differences in surface condi-
tions of the test specimens from these materials, present materi-
al was chemically milled, the other fine grain materiall3 was
surface ground to 600 grade emery, and the conventionally proc-
essed commercial materiall4s15 had an unspecified surface condi-
tion, presumably representing an aggregate of normal mill-proc-
essed sheet surfaces, are ignored since these were the only
available results.

L INITIAL SHEET THICKNESS — 0.125 in. (3.2mm) ] 450
60} N N 20Hz, R = 0.1 .
N SPF 1 4 400
ORIENTATION
B / //\\ STRAIN
col / > LONGITUDINAL | TRANSVERSE| 350
: 4%27\ C ] 50

% B 150
40 5 - : / Ky = 1(7475-T6) -1 300
7. A —yd

' S ———— - 250
u 74 -
g 77, ///
Ky = 1 (FINE-GRAIN 7475-T6
sop- 77T EIE ! M % 200

............................ Ky =317475-76) 1

MAXIMUM STRESS (MPa)

MAXIMUM STRESS (ksi)

201~

——— -1 100
.............. } CONVENTIONAL 7475-T6 (CERVAY; MEHR)

10— ///// FINE-GRAIN 7475-T6 (MAHONEY AND HAMILTON)

- POST-SPF FINE-GRAIN 7475-T6 (PRESENT WORN) %0
0 ! ' BT | L I B S e | 1 PR T BT S
10% 10° 108 10’

CYCLES TO FAILURE

Figure 4-25. Results of Smooth Fatigue Test on Post SPF 7475-T6
Sheets
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It is seen in Figure 4-25 that the fatigue behavior of
the post-SPF material in both orientations (soiid 1line), is
within the band obtained for an equivalent pre SPF material
(hatched region). This is particularly true at the lower stress-
es, or longer lives., This observation suggests that the fatigue
response of the post-SPF material is independent of the prior SPF
strain, within the range tested, and the specimen orientation.
It is possible that when higher SPF strains are achieved in the
sheet, or if cavitation is not adequately suppressed, the fatigue
response of the post-SPF material may not remain independent of
the SPF strain.

While the results of Figure 4-25 do not show any de-
pendence of the fatigue life of post-SPF sheet on the prior SPF
strain, they do show that the whole band of performance of the
fine grain SPF matariall3 lies just below the mean curve obtained
for the conventionally processed material, corresponding to the
stress concentration factor (K¢) of 1. This anomaly was not
pointed out in the earlier workl3. Differences in the surface
conditions of the various materials of Figure 4-24 could help
explain this difference in the fatigue performance, however, a
complete description of the materials used in References 14 and
15 will be needed to fully understand the reason for this dis-
crepancy. A more encouraging observation to be made from the
results of Figure 4-25 is that the performance of the two fine
grain materials, hatched region representing results of Reference
13 and the solid line from the present work, is substantially
above that of the commercially processed material for a K¢ of 3.
The importance of this observation lies in the fact that a Kt of
3 corresponds to the stress concentration due to a round hole,
such as that used for mechanical fastening of sheet metal parts
in aircraft. Until an integral advanced joining technology, such
as diffusion bonding, becomes available for manufacturing appli-
cations, holes and fasteners will continue to be utilized to
fasten the SPF aluminum parts. Therefore, these holes, K¢ of 3,
will predominantly control the overall fatigue performance of a
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given component. The inherent performance of the fine grain
material, i.e., without holes, will be substantially above this
level.

4.2.3.3.7 Fatique Crack Growth Tests

The results of fatigue crack growth tests in air on the
post SPF 7475-T6 material at room temperature are shown in Figure
4-26. Specimens representing prior SPF strains of 50 to 150
percent fell in a narrow band on the crack growth rate (da/dN)
versus stress intensity factor (AK) plot. These results represent
normal performance for this class of alloys. For example, the
da/dN versus AK line for a conventionally processed 7075 plate in
T73 temperls, shows a dashed line in Figure 4-26, falls within the
band of the present results.

No measurable effect of the magnitude of the prior SPF
strain is noted on the crack growth rate, in air, in these re-
sults. The crack growth rates in salt water were eight to ten
times faster than those in air, albeit these rates were also
independent of the prior SPF strain.
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41 10 100
107 T T T T T 17 q T | T T T 11 l
-
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ORIENT. L-T AND T-L —{10"
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Figure 4-26. Fatigue Crack Growth Rate of Post SPF 7475-T6
Specimens in Laboratory Air
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4.2.3.3.8 Stress Corrosion Tests

Stress corrosion tests were conducted on the post-SPF
7475-T6 specimens in accordance with ASTM G44 specifications. A
stress equivalent to approximately 74 percent of the yield
strength of the 7475-T6 was applied on each specimen which was
alterna;ely immersed in a 3.5 percent salt water at room tempera-
ture. Only specimens having an initial sheet thickness of 0.125
inch and superplastically deformed to 50 and 150 percent strains
were tested. Results are shown in Figure 4-27. Note that the
average failure time was about 60 days, regardless of the
magnitude of SPF strain, as compared to the required minimum
failure time of 30 days.

100 T T ] T I ] |
INITIAL SHEET THICKNESS 0.125 in. (3.2mm)

STRESS 49.5 ksi (342 MPa), ALTERNATE
O LONGITUDINAL IMMERSION IN 3.5% NACI

SPF STRAIN (%)

Figure 4-27. Effect of SPF Strain on 7475-T6 Stress Corrosion
Resistance
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4.2.3.3.9 Exfoliation Corrosion Tests

Several post-SPF 7475-T6 samples were tested by the
EXCO test method per ASTM G34-79 and rated per ASTM G34-79 and
G34-72. Duplicate specimens of 7475-T6 and 7475-T73 were run as
controls, along with aged and underaged 7021 controls. The 7021
specimens were tested by the SWAAT method per ASTM G85-Annex A3
and rated according to the above scheme. The ratings are shown
in Table 4~10.

The 7475-T6 and -T73 control samples were rated EA by
the G34-79 method, PB and P by G34-72. The post-SPF samples were
slightly more resistant with G34-79 ratings of PB and G34-72
ratings of P. All the post-SPF samples thus showed high exfolia-
tion resistance which is consistent with their fine grain struc-
ture.

TABLE 4-10. 48-HOUR EXCO RATINGS OF POST~SPF 7475-T6 AND
CONTROL SAMPLES

I | I I I I
| ] | | EXCO RATING [ ]
| | | SPF | | CONDUCTIVITY |
| MATERIAL | SAMPIE ID | STRAIN | | | (% IACS) |
| | | (%) | G34=79 | G34-72 | |
| | ] | ] | |
I | | | | I I
| | 7475N.2 | S0 | P | P | 32.0 |
| | 7475%.3 | so | P | P | 32.0 |
| | 7475%.5 | 5 | BB | P | 31.5 |
| POST-SPF | 7475NM0.6 | 50 | P | P | 31.2 |
| 7475-T6 | 7475%0.15 | 150 | PB | P | 32.2 |
| | 7475N0.16 | 150 | P8 | P | 32.2 |
| | 7475N0.21 | 150 | PB | P | 32.0 |
| | 7475N0.27 | 150 | P | P | 32,2 |
| | | | | | |
| I I | I I I
| | 7475-T6 NO. 1| -~ | FA | FB | 32.2 |
| | 7475-T6 NO. 2| -~ | EA | PB | 32.2 |
| CONTROL | 7475-T73N0. 1| =~ | EA | P | 35.6 |
| MATERIAIS | 7475-T73 N0. 2| =— | EA | P | 38.0 |
| | 7021~6 * -~ | EA | PB | —— |
| | UNDERAGED 7021 =--—- | ED | EA | — I
| | | | |

*% |

* GOCD SWAAT RESULTS
*%  BAD SWAAT RESULTS

[
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4.2.3.4 Secondary Processability Evaluations

In addition to the various mechanical and service
property evaluations, several tests were conducted to evaluate
the secondary processability of the superplastically dJdeformed
material. The secondary processes selected were typical of
routine operations in manufacturing airframe components. Results
of these tests are described in the following paragraphs.

4,2.3.4.1 Anodizing Test

The post-SPF material in the T6 type tenper was ob-
served to be identical to 7075-T6é in its response to the anodiz~-
ing treatment.

4.2,3.4.2 Painting Test

Using the standard procedures, no difference was ob-
served in the paint adhesion characteristics of the post~SPF 7475
material and the conventional 7075 sheet. The post-SPF material
also successfully met the impact and wet tape strength require-
ments in accordance with the Northrop specifications NAI 1269/NAI
1278.

4,2.3.4.3 Chem Milling

Chem milling tests were conducted using Northrop's
production facilities. The following results were obtained with
regard to the rate of chem milling and the subsequent fatigue
tests.

(1) Chem Milling Rate. Thickness measurements were
taken after submerging samples in the milling
solution for one minute; this process was repeated
five times and a cumulative metal removal in 5
minutes was calculated. The average chem milling
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rate in the post-SPF 7475-T6 was approximately
0.006 inch/minute, which is higher thar 0.002 to
0.004 inch/minute for the conventional 7075-~T6
sheet.

(2) Fatique Test. Smooth fatigue tests were conducted
by applying maximum stresses in the range of 30 to
50 ksi at R = 0.1, It was seen that the fatigue
life of the post-SPF 7475 after chem milling is
slightly lower than that of the conventional 7475-
T61l sheets. It is believed that this difference
may be related to some surface effects in the
post-SPF material. The total SPF strain appreared
to make no difference in the fatigue performance
of the material.

4.2.3.4.4 Adhesive Bonding

Post-SPF 7475 sheets were anodized in phosphoric acid,
sprayed with BR127 primer, and bonded with FM~73 film adhesive
per Northrop Specification MA108. The average lap shear strength
of six tests was 5400 lbs compared to the minimum strength of
4200 lbs required by the Northrop specification NAI 1286.

4.2.3.4.5 Climbing Drum Peel Test

The geometry of the peel test specimens is shown in
Figure 4-28. The base plate was 0.125 inch thick 7075 aluminum,
and the thin sheet was post-~SPF 7475, which was milled to the

0.020 in.
b
' run ‘

'=. )7-0.125 In.

12.00 In-

1.00 In.

Figure 4-28., Climbing Drum Peel Test Specimen
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closest possible thickness of 0.020 inch. Table 4~11 shows the
peel test strength of nine post-SPF specimens which were adhe-
sively bonded in a 76 temper. Even the lowest value of strength
obtained, 108 lbs/inch, is considered excellent when compared to
the conventional high strength aluminum alloy shests. It was
noted, however, that the samples with low SPF strain had higher
strength, 144 and 153 lbs/inch, than that with high SPF strain,
108 1lbs/inch,

TABLE 4~11. CLIMBING DRUM PEEL TEST RESULTS

SPECIMEN I.D. 14 ABC-1XL 25 ABC-1XH 13 ABC-1XL

STRENGTH 153 LB/IN 108 LB/IN 144 LB/IN

4.2.3.4.6 Resistance Seam Welding

Consistently defect free, reproducible resistance seam
welds were obtained in the post-SPF 7475-T6 sheet specimens using
the normal welding parameters for 7075-T6 sheets of equivalent
thickness. X-ray radiography indicated no internal defects in
the weld zone. Peel tests resulted in material failing ocutside
the fusion zone, indicating the high strength of the seam welds.

4.2.3.4.7 Weldbonding

It was determined that the welding parameters estab-
lished for 7075-T6 sheets can be reliably used to weld the post-
SPF 7475-T6 sheets of comparable thickness. Uncured joint
strength values of 600 to 850 lbhs were obteined, depending upon
the welding current used. These values are the same as those
normally obtained for the conventional 7075-T6é sheets. Surface
treatment was based on the Northrop process specification C-65.
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Cured test specimens had a 1 x 1 inch overlap area, as
shown in Figure 4-29. A temperature of 225°F for 90 minutes was

Adhesive
: iy

' T
O | € 1.00
! il
1.00
e A

- B -
4.00
Figure 4-29. Weldbond Lap Shear Test Specimen

used as the curing treatment after welding. The results of the
lap shear strengths of the weldbond specimens in cured condition
are listed in Table 4-12.

TABLE 4-12. LAP SHEAR STRENGTH OF WELDBONDED SPECIMENS IN CURED
CONDITION

SPECIMEN NO. FAILURE LOAD (LBS) FAILURE MODE

| I | |
| I I I
| l | I
I | ! I
| 34-WBC-1X0 | 3900 | BM |
| 17-WBC-1X0 | 4950 | J |
[ 28-WBC-1X0 | 4900 | J |
[ 28-WBC-1X0 | 4850 | J |
| 31-WBC~1X0 | 3950 | BM |
| 17-WBC~1XH | 5050 | J |
| 28-WBC-1XH | 3950 | BM |
| 17-WBC~1XH | 5250 ] BM |
| 28-WBC-1XH | 3850 | BM |
| | I I
I | |
| AVERAGE | 4520 |
I | I
NOTE: BM Represents failure in the base metal.

J Represents failure in the joint.
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Specimens which failed in the joint (J) represented the
true joint strength of the weldbond specimens. Specimens with
thicknesses less than 0.063 inch failed in the base metal (BM),
because these sheets were too thin for the specimen overlap
geometry used. The average lap shear strength of 4940 lbs for
the specimens failing in the joint exceeds the required weld-
bonded joint strength of 4800 lbs in 7075-Té sheet per Northrop
specifications.

Table 4~-13 shows a summary of results obtained on the
secondary processability evaluations of the post SPF 7475~T6

TABLE 4-13. RESULTS OF SECONDARY PROCESSABILITY EVALUATION OF
POST~-SPF 7475 SHEET

0.002-0.004 IN/MIN
(8471694 NM/SEC)

POST-SPF 7475 C/M RATE:
0.006 IN/MIN (2540 NM/SEC)

|_PROCESS | RESULTS 1 CONCIDSTIONS |
| | I |
| ANODIZING | NORMAL BEHAVIOR; MET ALL | GOOD ANODIZING RESPONSE; I
| | VISUAL REQUIREMENTS | SAME AS 7075 |
| I | |
I | I |
| PAINTING | MET ALL PAINT STRENGTH | GOOD PATNT ADHESION RESPONSE; |
I | TEST REQUIREMENTS | SAME AS 7075 |
I l | |
I I | I
| ADHESIVE | AVERAGE JOINT STRENGTH: | GOOD BONDABILITY; |
| BONDING | 5400 psi (37.3 MPa) | SAME AS 7075 |
I | | I
| | MINIMUM DESIGN REQUIREMENT: | |
| | 4200 psi (29.0 MPa) | |
| | 1 |
I |

| WELDBONDING | AVERAGE JOINT STRENGTH: | GOOD WELDABILITY AND BOND- |
| | 4950 psi (34.1 MPa) | ABTLITY; SAME AS 7075 |
| I I I
| | MINIMUM DESIGN REQUIREMENT: | |
| | 4800 psi (33.1 MPa) | |
| | | l
I I |

| CHEM MILLING| NORMAL C/M RESPONSE: | C/M BEHAVIOR COMPARABIE TO |
| (c/™) | AS RECD 7075 C/M RATE: | 7075 }
| | I

I I I I
I I | I
I I I I
| | | |
I L | I
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material as well as a comparison with the counterpart 7075-T6
meterial. It is noted that the post SPF material displayed a
response similar to the baseline material in its anodizing,
painting, adhesive bonding, and weldbonding characteristics. The
chem milling rate of the post SPF fine grain material was slight-
ly faster than that of the conventionally processed material.

4.2.4 Development of Forming Parameters

Preliminary SPF runs were made on a smaller tool
(Length = 12 inches, Width = 4 inches, Height = 2 inches). Cone
test data reported earlierl was used to select temperature,
strain rate and corresponding flow stress. fThe forming condi-
tions were as follows:

T = 970°F

€= 3.7 x 104 sec~! for 0.090 inch thick 7475 alumi-
num

0= 720 psi

The forming cycle was determined using constant flow
stress. Forming under these conditions resulted in rupture at
the die entry radius in the very early stage of the forming. The
cause was attributed to the faster rate of forming initially if
constant stress is used in computing the forming cycle. There-
fore, in all subsequent formings variable flow stress was util-
ized. The semi-empirical relationship between flow stress,
strain rate and strain was derived for the present material based
on the results obtained from a Northrop manufacturing technology
program.

Two material gages, 0.125 and 0.090 inch, were super-
plastically formed into 3 tooling geometries to obtain 1low,
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medium and high SPF strain levels in the formed pans. The form-
ing conditions are listed in Table 4-14. The forming cycles for
0.125 gage aluminum sheet are shown in Figure 4-30(a) to (c) for
the forementioned tool geometries. They were computed using
variable flow stress and a forming rate of 3 x 104 sec~l at 960
to 970°F.

4.3 MATERIAL_SUBSTITUTION TO MD254

Concurrent with this AFWAL program, Northrop had been
conducting an extensive IR&D program to further develop and
optimize high strength SPF aluminum alloy sheets. A recommenda-
tion was made to the Air Force program monitor to substitute the
present program material, 7475, with a more advanced version of
this alloy, developed jointly by Northrop and Reynolds Metals
Company under their joint IR&D programs. The new material,
MD254, represented a highly superplastic and commercial form of
the conventional alloy 7475. In Northrop's evaluation, this
material had been superplastically deformed to over 1,000 percent
strain without appreciable, <0.5 percent area, cavitation.
Following Air Force approval of this substitution, full-size
production sheets of this material were procured in 0.090 and
0.160 inch gauges.

The as-received grain structure of the 0.090 inch thick
material is shown in three dimensions in Figure 4-31. The aver-
age longitudinal and transverse grain sizes, measured on two
randomly selected sheets, were 17.0 and 8.5 Mm, respectively.
The grains had an aspect ratio of 2.0. These values compared
well with Reynolds' measurements of 16.9 um longitudinal, 10.0 um
transverse grain sizes and 1.7 aspect ratio. No significant
surface-to~-center variation was observed in this material (see
Figure 4-32).

Table 4-15 shows the results of room temperature ten-
gile tests on these materials ih a T6é temper. Also listed in
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Figure 4-~31.

Al Alloy 7475
MD-254-090-1

Three Dimensional Microstructure of an As Received
0.090 Inch Thick Sheet of MD254
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TARIE 4-15.

ROCM TEMPERATURE TENSILE TESTS ON THE SPF MD254* ALUMINUM

AND OONVENTIONALLY PRODUCED 7075-~T6 ALIUMINUM

| l l | i l

|  MATERIAL | | YIEID | ULTDATE | |

| IDENIIFICATION | ORIENTATION | STRENGTH | STRENGTH | EICNGATION | MODULUS
= { { (KST) l (XSI) i (%) { (106psT)
| | | 76.0 | 8.3 | 4.0 | 10.2

| MD254 | IONGTTUDINAL| 76.3 | 84.7 | 14.0 | 10.5
| (0,090 IN) ] 76.8 84,9 13.0 _11.4

] AVERAGE 76.4 84.6 13.7 10.7
i 1 75.2 84.1 13.0 11.2

[ MD254 | TRANSVERSE | 74.7 | 83.6 | 13.0 | 11.3

I (0.0%0 Z=[=N) | 74.2 83.3 16.0 1i.C

] AVERAGE 74.7 83.7 14,9 11.2
| 1 71.5 79.5 14.0 11.3

| MD254-1 | IONGTTUDINAL] 71.9 | 79.7 | 16.0 | 11.8
|_ (0,160 TN} | I 71.4 79.5 _15.0 11.0
] AVERAGE 71.6 79.6 15.0 11.4

| N 69.8 78.8 1€.0 10.9

| MD254-1 | TRANSVERSE | 69.2 | 78.8 | 16.0 | 10.9
|__(0.160 IN) | 69,2 79.0 15.0 10.6

| AVERAGE 69.4 78.9_ _15.7 10.8

| 1 71.6 80.0 15.0 11.3
| MD254-2 | IONGTTUDINAL| 71.8 | 80.0 | 16.06 | 11.3
| (0.160 IN) | 71.3 79,5 15.0 10.7

| AVERAGE 71.6 79.8 15.3 10.8
[ T 69.7 79.0 16.0 11.5
| ¥m254-2 | TRANSVERSE | 69.5 | 79.0 | 17.0 | 10.2

| {0.160 IN) | 69.7 78.9 16.0 __12.4

] AVERAGE 69.6 79.0 16.3 11.4

| T 74.3 80.4 11.0 11.5
| 7075~T6 | IONGITUDINAL| 74.4 | 80.4 | 10.0 | 9.9
|__(0.090 IN) | 74.5 80.2 11.0 11.5

| AVERAGE 74.4 80,3 10.7 11.1

| | 74.3 84.0 11.0 10.5

| 7075-T6 | TRANSVERSE | 74.8 | 84.3 | 11.0 | 1.3

| __(0.090 IN) | 74.9 84.3 10.0 11.4

| AVERAGE 74,7 84.2 10.7 | 1.1

# PRODUCED USING PRODUCTION FACILITIES

16l




gl T TR TS e

this table for comparison are the results obtained on a conven-~
tional 7075-T6 sheet of 0.090 inch thickness. While the 0.090
inch MD254-T6 sheet properties compared quite favorably with the
0.090 inch 7075-T6 properties, the 0.160 inch MD254-T6é strength
properties were somewhat lower. The ductility of MD254-~T6 sheets
in both thicknesses was considerably higher than that of 0.090
inch 7075-T6.

The SPF evaluation of these sheets was done by biaxial
cone tests at &70°F. The dual pressurization approach3 was
utilized for suppression of cavitation during SPF. Strains of
over 1,000 percent were achieved in the 0.090-inch thick sheet.
A significant fraction of these strains was found to be without
much cavitation. In one test, 1420 percent strain was obtained
prior to rupture, at a strain rate of 1.3 x 10~4 sec~}, and
virtually all of it was with <0.2 percent cavitation. These
results are shown in Table 4-16.

TABLE 4-16. EFFECT OF SPF STRAIN ON CAVITATION IN MD254 ALLOY

| I

I | TOCRTEON CF SERCTMEN* | |
i | | I R
{ o |HER-ING | ARALl | AFA2 | ARA3 | ARA4  |SIRAIN AT QFET |
|ALICY ] I | | | | | |
| NEss TR | I | I I | I | | (<0.5%) CF CGRVI-|
| | | S AL |SFF 3SR |SF |3RFAL |SEF AL |

| @) () |SIRAN|CVITR-|SIRAIN| CAVITR-~| STRATN| CAVITR-| STRATN| CAVITRA-| TRITN (%) |
{ { ; I *) Im(%)g *) ITKN(%)I *) lfmm(%)= *) {TBZN(%)I =
| I I I | | I I I | | I I
| Jo.00[90| 28| 0 | & | 0 | 31| 0 |M30]| 0.2 | 430 |
(M54 | | I | | | ] I I I |
I | | I | | I | I I | I |
| |0.160 | 970 | | o |770= 0.1 | 1520 | 6 [>1520 | 3.0 |  >1000 }
I

I | | | | | |
*eaults were dotained from biaosial SEF ae tests, Analjsnertmuﬁeetannazjs

vhere the cavities are first doserved, Avea 3 is intermediabe to Area 2 ard a regio near the
firel failure (Area 4).
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The 0.16C~inch thick sheets also developed similarly
high strains prior to rupture and much of the total strain was
without cavitation. 1In the test specimen examined for cavita-
tion, the thickness strain obtainad at rupture was 1825 percent.
At a section representing 770 percent strain cavitation was 0.1
percent, and at 1520 percent strain the cavitation was 0.6
percent. The strain ccrresponding to 0.2 percent cavitation, 0.5
percent defined as the onset of cavitation, is estimated to be
approximately 1000 percent. The influence of SPF strain on
cavitation is also shown in Table 4-16.

Uniaxial tension tests were also conducted on these
sheets at the same temperature, 970°F, as the biaxial cone tests.
These tests were performed without the use of hydrostatic com-
pression for cavity suppression. The 0.090-inch sheet was tested
in a strain rate range of 7.4 x 10”° to 1.3 x 10°2 gec~l. The
maximum ductility, uniform elongation, of 900 percent was ob-
tained at 7.4 x 10-5 sec~l. Approximately 700 percent elongation
was obtained at 1.3 x 10~4 sec™l strain rate, compared to a
thickness strain of 1430 percent in the cone test on this materi-
al at the same strain i1ate using cavity suppression methods. The
0.160-inch thick sheet was tested in the range of 2.2 x 10~4 to
1.3 x 1072 sec~l strain rates. The maximum elongation in this
range was 700 percent and was obtained at a strain rate of 2.2 ¥
10~4 sec™l. approximately 600 percent elongation was obcained at
3.9 x 1074 sec™! strain rate, compared to a thickness strain rate
of 1925 percent in the cone test on this material at the same
strain rate using cavity suppression methods. Figure 4-33 shows
the plot of percentage elongation at fracture as a function of
the strain rate.
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5. PRODUCIBILITY FORMING TESTS

The objective of +this <task was to assure the
producibility of the selected components. This was accomplished
through forming and testing of subcomponents representing the
most severe areas of the parts from the design and fabrication
point of view. These studies also referred to as forming feasi-
bility studies, are perhaps the most important factor in design
of a complex SPF structure.

The forming of subcomponents which is done under the
same processing conditions as the actual component will assess
the forming feasibility of the component based on the assumed
initial design parameters. 1In case these studies show unfavora-
ble results such as cavitation problems and/or undesirable sheet
thicknesses, a new, modified design of the component is carried
out. As a result, parameters such as material gage, draft an-
gles, and edge and corner radii could all be modified.

once the forming of the subcomponents are completed,
tests are conducted to validate the parts integrity. Microstruc-
tural tests are conducted to assure the formed subcomponents are
free of cavitation, and static and fatigue tests are performed to
assure the structural integrity of the formed subcomponents.

5.1 PRODUCTBILITY SUBCOMPONENT SELECTION

Producibility subcomponents were selected for both the
LEX and the avionics deck. The subcomponents were selected based
on geometric configuration, predicted thinning and generally
represented areas of greatest elongation.
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5.1.1 Leading Edge Extension

Tne substructure on the SFF design of the LEX was a
orie-piece corrugation of varying depth and compound curvature.
Geometry of the most severe section of these corrugations was
selected for the subcomponent design. The LEX producibility
subcomprnent, as shown in Figure 5-1, represented the deepest of
the substructure corrugations to simulate the maximum naterial
elongation.

The subcomponent design was 2 inches wide, 1.75 inches
deep, had 15 degree draft angles on side walls, 0.25 inch corner
and edge radii, and a dihedral angle of 59 degrees at the closed
end. An aluminum insert was machined to this geometry to act as

the tool, the length was kept such that slenderness ratio was not
a significant factor.

— 5 — -_

-

a - --- ---__:a—
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0.25" R(TYP)

Figure 5-1. Original LEX Producibility Subcomponent
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5.1.2 Avionics Deck lower Cowpartment

Tﬁé original avionics deck substructure was a waffl
pan consisting of deep and almest square pockets with 15 degree
draft angles on the walls. 7The producibiiity subccmponent for
the avionics deck consisted of a single depression pan represent-
ing a typical aft pocket of the waffle pan, Figure 5-2. The pan

-

Figure 5-2. Original Avionics Deck Producibility Subcomponent

represented the area of the deck where the material was subjected
to the largest elongation. As shown in Figure 5-2, the square
shaped subcomponent had a length of 4.4 inches, a width of 4
inches and a depth of 3.85 inches. This would result in an
aspect ratio (width/depth) of approximately 1 and a slenderness
ratio (length/depth) of 1.1, with bottom edge radii of 0.25 inch.
The tool for this subcomponent was machined from 4340 steel and
is shown in Figure 5-3. It was a self-contained tool with inlets

and outlets for gas introduction,

I
{
i
!
,
‘
!
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Figure 5-3. Avionics Deck Producibility Subcomponent Die
5.2 PRODUCIBILITY FORMING

The forming of the subcomponents was carried out based
on the material characteristics of 7475 and MD254 aluminum found
in Task II (Section 4.0). All forming was carried out in the
temperature range of 960 to 980°F with a back pressure of 40C psi
to suppress cavitation. This pressure was the maximum attainable
on the laboratory press. The strain rates were also selected
from the studies of Task II to correspond to maximum elongations
without any cavitation problems.

5.2.1 LEX Producibility Subcomponent Forming

Reynolds superplastic aluminum alloy, MD254, was util-
ized for forming of the LEX subcomponent. The starting sheet
thickness was 0.090 inch, and the forming was carried out at a
strain rate of 2 x 104 sec™l to achieve maximum elongations
prior to fracture. The actual forming rate measured was 1.4 X
10~4 x sec~l.
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The subcomponent was fully formed and the minimum
thickness, as expected, occurred at the acute angled corner
radius and was measured to be 0.016 inch. Thinning and cavita-
tion analysis were conducted on the LEX subcomponent. Figure 5-4

3 |
(a} VIEW LOOKING DOWHN ON THE PART ® 6_—’—r_____:|

{b) THICKNESS
LOCATIONS

-

Figure 5-4. LEX Subcomponent Cross Sectional View
shows the cross section through the acute and obtuse angled
corners of the subcomponent, and the measured thicknesses are

shown in Table 5-1.

TABLE 5-1. THICKNESS MEASUREMENTS FOR LEX SUBCOMPONENT

PART THICKNESS IN INCHES AT LOCATIONS

I I I
| I I
| SECTION| I
[ | 1 1 2 | 3 | &4 |1 5 _ 1 6 1 7 |
I | I I | I | | I
| A-A | 0.021 | 0.016 | 0.027 | 0.071 | 0.078 | 0.085 | 0.086 |
| | | | | [ | I |
| | I I I I | I |
| B-B | 0.025 | 0.022 | 0.030 | 0.043 | 0.032 | 0.085 | 0.078 |
| | | | I | | | I
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The formed part was sectioned through the acute angle
for optical microscopy. Figure 5-5 shows this section along with
optical micrographs of three different locations. Area fraction
of cavities were measured at three strain valves by optical
microscopy using an image analyzer. Cavitation at thickness
strain of 350 percent was measured to be 0.8 percent, whereas at
strains of 157 and 260 percent, the area fraction of cavities was
less than 0.1 percent. The excessive cavitation at the corner
radius indicated that a redesign of that area was in order.

5.2.2 Avionics Deck Producibility Subcomponent Forming

The avionics deck producibility subcomponent forming
was carried out at 970 +10°F, at a strain rate of 3 x 10~4 sec~l
with a 400 psi back pressure. Two runs, one from 0.125-inch
thick 7475 sheet and one from 0.090-inch thick MD254 were made.
During forming, the 7475 sheet ruptured at a true thickness
strain, € , of 1.43 which corresponds to the maximum elongation
attainable from 7475. It was decided that the high draft angles
on the cavity were producing an accelerated thinning gradient and
the final formed subcomponents minimum thickness would fall below
the minimum gage of 0.020 for bare aluminum alloys. These unfa-
vorable results indicated that a redesign of the subcomponent
and avionics deck waffle pan was in order.

5.3 SUBCOMPONENT MODIFICATIONS

The subcomponent producibility tests for both the LEX
and the avionics deck showed unfavorable thickness and cavitation
results. As a consequence, a redesign of both components became
necessary. However, in order to verify the validity of the
redesigned component, a second set of subcomponents were fabri-
cated to investigate the forming feasibility with the modified
design parameters.
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5.3.1 LEX Subcomponent Redesign

Due to the excessive thinning and cavitation associated
with the bottom corner of the original subcomponent, the subcom-
ponent design was modified and a second set of forming was
carried out. The corner radius of the acute angle was increased
from 1/4 to 3/8 inch to decrease the amount of thinning and
cavitation in that area.

A new subcomponent was fabricated with the modified
corner radii and the forming was carried out successfully, Figure
5-6. No excessive thinning was noticed with the new radii. This

Figure 5-6. Modified LEX Producibility Subcomponent

modified design parameter was also incorporated into the LEX
corrugation and tool design.

5.3.2 Avionics Deck Subcomponent Redesign

The unfavorable results of the first subcomponent
forming called for a redesign of the subcomponent and the waffle
pan. As a result, the pan was redesigned by eliminating the aft
center pockets and extending the side pockets to join each other
as shown in Figure 5-7. A preliminary analysis of this area
showed that the new design was also acceptable from a structural
point of view. The wall draft angles were also reduced from 15
degrees to 5 degrees in order to make the thinning more uniform.
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Modified Design (5° Draft Angles)

Figure 5-7. Modified Avionics Deck Waffle Pan

The geometry of the subcomponent was scaled by a factor
of 0.86 and resulted in a pocket 8 inches long, 3.9 inches wide
and 3 inches deep. The bottom moldline was approximated by two
straight lines. The part was successfully formed using Reynolds
MD254 sheet. The forming was carried out at 970°F, with a back

pressure of 400 psi and a strain rate of 3 x 10”4 sec~i.

A

maximum true thickness strain, € , of 1.9 was measured at the
corners. Figure 5-8 shows the machined die insert that was used

W’IMW W “
5:{: I Ll ,6,4[’ ot e B gt g7
A - sl
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Figure 5-8. Modified Avionlcs Deck Subcomponent Die

173

R e K it sy E N e o ..yr...-_ e T

»

oo g




to produce the redesigned producibility subcomponent and Figure
5-9 shows the formed subcomponent. The missing portion of the
subcomponent was used for metallographic inspection.

Figure 5-9. Modified Avionics Deck Producibility Subcomponent

The results of this inspection are shown in Figure 5-
10. The photographs show the complete section excised from the
producibility subcomponent and etched photomicrographs from areas
of 64 percent and 260 percent strain. As seen in these photos,
there are no signs of significant cavitation. The modified
subcomponent basjically showed more uniform thinning during the
initial portion of forming as well as a better thickness profile.
As a consequence, the maximum elongation required to form the
part was also reduced.

The modified subcomponent was fully formed using 0.16
inch thick MD254 material. After forming, the part was sectioned
for thickness measurements and optical microscopy. An acceptable
minimum thickness of 0.024 inch was obtained at the critical
corner location. Figure 5-11 shows optical micrographs of the
section of the subcomponent. It is evident that cavitation was
effectively suppressed with this modified design.
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Cavitation Measurement for Avionics Deck Subcomponent

Figure 5-11.
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6. PART AND TOOL FABRICATION

The bulk of the work under Task IV consisted of the
fabrication of the SPF dies, the SPF parts and the non-SPTF
substructural details for the lower avionics deck. This section
contains a detailed description of the efforts associated with
this phase of Task IV.

6.1 TOOI; FABRICATION

The tcol fabrication efforts follcwed the completion of
the SPF tecol designs. 2 number of offsite vendors were contacted
to support the program schedule. Each vendor was supplied with a
set of tool design drawings so they could assess the feasibility
of fabricating the dies on schedule.

The conventional profile machining as well as the N/C
machining methods were both reviewed for fabrication of the SPF
dies. It was decided that the LEX corrugation die would be
fabricated using the conventional profile machining and the
avionics deck dies would be N/C machined in order to meet the
program schedule and to provide better tolerances for the assem-
bly of the final parts.

6.1.1 Conventional Machining of LEX Corrugation Die

The fabrication of the LEX corrugation die proceeded
the avionics deck dies since its tool design was the first to be
completed. An outside vendor was selected to fabricate the die
using the conventional plaster profile machining method. The die
material was designated as 4130 steel and the dies outside
geometry was machined to fit Northrop's existing production cage.
Section cuts for the LEX corrugation were provided by Northrop

- - vl ,,r...'...._u.,

R4

»
Lo e

e mne

P



= -

P T,

P

using the NCAD/CADAM system so the vendor could utilize them for
machining the corrugation die. Layouts of fuselage station cuts
and trim line coordinates were also furnished to fabricate the
plaster master model. The plaster model was utilized to obtain
plaster splashes, blue blocks, die patterns fcr the skin and was
also used to match the inner corrugation moldlines with the outer
skins.

The LEL corrugation tocl was successfully <fabricated
and delivered to Northrop. The LEX die was a self-contained tool
with seal edge and inlet-outlet gas tubes. HMultiport gas inlet-
outlet holes were used to prevent gas entrapment and to vent out
all of the gas after forming. The LEX die is shown in Figure 6-
1.

Figure 6-1. LEX Corrugation Die

6.1.2 Numeric Controcl Data Generation

The fabrication of the avionics deck dies was done by
the N/C machining as opposed to the LEX corrugation die. The N/C
method was selected over conventional profile machining due to
the complexity of the avionics deck dies, a nezed to meet the
schedule, and to have acceptable tolerances between pérts during
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the final assembly. The offsite vendor selected for this task
had the capability for N/C machining and was selected on that
basis.

In ordexr to N/C machine the dies, a N/C tape was to be
crecated and moldline surface data were to be transferred to the
vendor through a magnetic tape. The vendor would then use the
surface data on their Gerber CADCAM systenm to generate the N/C
tapes for the final machining of the dies. Preliminary efforts
had indicated that the surface data created on Northrop's 3D NCAD
systen cculd be transferred to the vendors Gerber system using
the 1Initial Graphics Exchange Specification (IGES) format.
However, subsequent attempts indicatad that the NCAD surfaced
models and the geometric entities defining them were incompatible
with the IGES format.

The IGES system was basically developed for model data
transfer between dissimilar CAD/CAM systenms. Data would run
through a translator and be stored on magnetic tapes or disks
prior to up-loading into another system. The Northrop NCAD
system defines surface data through a number of parametric equa-
tions which are not yet included in the IGES format. As a re-
sult, an alternate method of data transfer had to be used through
redefining the avionics deck die surfaces.

All three die moldline surfaces were examined for
spline/point positioning. Both splines and coordinate points
were easily transferrable by IGES and were therefore positioned
on all surfaces to create a "wire frame" modei of the surface to
be transferred. These modified geometric entities were down
loaded on a magnetic tape and transferred to the venders gerber
CAD/CAM system. Once in the vendors systems, the "wire frame"
models were fully surfaced by the Gerber CAD/CAM system and
stored for use in creating numerical control cutter paths for N/C
tape generation. The transferred tool designs were also indexed
to the part designs so cutter paths could be generated without
any tool fixture interference.
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6.1.3 Numeric Control Machining

Prior to the N/C machining, all three steel billets
were rough cut and profiled to match Northrop's SPF titanium
production cage. A plaster of the inside surface of the cage
prepared by Northrcp's model shop was given to the vendor as a
check tool. In addition, the N/C tapes were ran through a tape
prove cycle cn a block of foam prior to its applicaticn on the
actual steel kiilets. The machined foams were then checked and
inspected to assure the accuracy of the N/C tapes.

As it turned out, the avionics deck lower and upper
skin N/C tapes required minor corrections bzfore they were ready
for machining of the final dies. The avionics deck waffle pan
N/C tapes however, being the most complex, required several major
revisions before they were ready for the final machining. The
inspection of the tapes revealed that incorrect surfaces had been
created from the data provided by Northrop. The problem was
rectified througn comparison of the vendor generated data to the
one supplied by Northrop. A new cutter path was created and
subsequent trial runs were done on foam blocks until the surfaces
were within acceptable engineering tolerances.

The cage plaster was used as a master during the pro-
filing of the steel billets. The billets were affixed to a
sinmple mill fixture base by four tooling attach points in an
upside down position once they were rough sized. The plaster
master and billets were then indexed on the profile mill machine
base. After necessary alignments, each billet was profile ma-
chined to the geometry of the cage off the plaster master. To
further prepare each billet for the final N/C machining, excess
stock was removed manually along the surfaces to minimize the N/C
machining time. The removal of excess material was done manually
and by conventional machining using laycuts of the tool design
drawings.
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The final N/C machining took place on a vertical N/C
mill using the same mill fixture base used in the profiling
operation. The lower and upper skin dies were bolted to the mill
fixture base and indexed to the machine base for alignment. Each
die was machined separately and presented a few problems with the
operation of the machine and/or cutter failures. The waffle pan
die was mounted to the machine in the same manner as the other
two dies. The machining of this die was much slower due to its
complexity and excessive failure of cutters during the mach.ning
of its deep pockets. The cutters used along the pcckets were
0.5~inch diameter, 6.0 inches long round nose and mill cutters
made from high speed steel or carbide. Both type of cutters were
used over their normal capability. Several trials with different
speed and feed rates revealed that the ideal feed rate was 7
inches per minute to preserve a normal cutter life and machining
time. As a result of these problems, the waffle pan die took 4
weeks to complete as opposed to the 2 weeks required for each of
the skin dies.

Upon the completion of the N/C machining and the subse-~
quent inspections, each die was hand polished to a 64 surface
finish and scribe lines were etched on the surface to indicate
the rough trim lines for each part. The inspection was done by
remounting each die to the mill fixiure base and reading the
coordinates of pre designated inspection points using the verti-
cal mills digital read out. Figures 6-2 through 6-4 represent
the finished dies for the avionics deck. A more detailed de-
scription of the inspection is presented in the next paragraph.

6.1.4 Numeric Tool Inspection

All three avionics deck dies were inspected at the
completion of the N/C machining. The inspection technique util-
ized was to use coordinate check voints. This method was select-
ed over other methods such as inspection with check fixtures
(templates) or maxi check (automated coordinate measurements) as
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a time and cost saving measinre. Fabricating check templates
and/or maxi check would be more costly and would alsc require
transportation of dies from the vendor site to Northrop and back
to the vendor. Therefore, it was decided to check the surface of
each die through a series of points, coordinates of which had
been preidentified by the Northrop NCAD system.

Inspecting the surface of each die through a series of
coordinate points was the most efficient method, since all dies
were designed in Northrop's NCAD/CADAM system and the identifica-

tion of point coordinates was an easy task. The inspection
points were laid out along the die surface in strategic locations
after which their coordinates were analyzed. The coordinate

values for each dies' inspection points were recorded by
Northrop's Master Dimensions group and verified for accuracy.
Once the coordinates of the inspection points were verified, they
were used for the final inspection of the die surfaces.

Each die was indexed back on the vertical mill and a
"starting" point was located as the origin with coordinates of x
= 0, Yy=0, and z = 0. The inspection point coordinates along
the x,y surface were then manually fed to machines controller.
The machine would then automatically locate that point, and a
dial indicator would measure the surface height to check the
value of the z=-coordinate. By using the dial indicator in
combination with the mills digital coordinate read out, the
height of the die surface was checked as being high or low.

The inspection process consisted of two phases. During
the first phase of inspection, the entire die surface was mna-
chined to 0.100 inch over the prescribed surface dimensions to
avoid any undercutting. An -xcess material thickness of 0.100
inch would allow a sufficient margin for possible errors during
the machining process. Once the first phase of inspection was
completed, the areas with excessive material were identified and
hand worked until a uniform die surface was created. The second
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phase of inspection double checked the accuracy of the hand
worked areas.

In case of the upper and lower skin dies, the die
surfaces were found to be high in some isolated areas. Those
areas were hand worked and polished until an acceptable surface
height was obtained. The waffle pan die, however, was found to
be high on several different locations. The problem stemmed from
two different mill operations and two different setup procedures.
The N/C tapes corresponding to those locations had to be reran
with the correct setup to correct the areas of problem. Those
surfaces were then rechecked and found to be acceptable.

The entire inspection and liason efforts were handled
by Northrop personnel at the vendors site. All inspection data
was recorded and compared to the point coordinates generated
previously. Once the data was found to be acceptable, the dies
were approved and delivered to Northrop.

6.2 PART FABRICATION

This task consisted of fabrication of SPF and non SPF
parts of the LEX and the lower avionics deck. In case of the
LEX, only the SPF corrugation was fabricated to demonstrate its
producibility. The avionics deck, however, had three SPF parts
(upper skin, lower skin and waffle pan) and seven non SPF details
fabricated for the final assembly. The full scale structural
parts were superplastically formed using the tooling concepts and
fabrication techniques developed in the producibility forming
studies (Task III). Reynolds superplastic MD254 aluminum materi-
al was utilized for fabrication of alloy SPF parts. The follow-
ing paragraphs give a detailed description on fabrication of each
part.
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6.2.1 LEX Corrugation Fabrication

Prior to forming of the LEX corrugation, both the die
and aluminum sheets were coated with Boron-Nitride. The forming
was carried out at the temperature range of 940 to 980°F. The
die was heated up to the forming temperature and the MD254 alumi-~
num sheet was hot locaded. A 0.090-inch thick sheet was used, and
the forming was conducted wlth a back pressure of 400 psi to
suppress the cavitation. The theoretical forming strain rate was
2 x 1074 sec™l, however, the average strain rate measured was
slightly lower, 1.4 x 10”4 sec~l. The forming cycle is shown in
Figure 6-5. A total of three LEX corrugations were successfully
fabricated with no scrap parts.

After forming, the SPF LEX corrugations were heat
treated to the T6é temper per Northrop's heat treat specifications
(HT-1) . The heat treatment was verified through electrical
conductivity and hardness measurements, Following the heat
treatment, the parts were chemical cleaned, anodized and primed.
A SPF LEX corrugation before and after trimming is shown in
Figure 6~-6,

Figure 6-7 represents a section cut from the deepest
channel of the LEX corrugation and optical micrographs from
different locations on the section. The micrographs indicated a
few areas containing isolated cavities which may be related to
the variation in the grain structure. However, the area fraction
of cavities in such areas was less than 0.5 percent which was
considered acceptable.

6.2.2 Avionics Deck Upper Skin Fabrication
The avionics deck upper skin was superplastically
formed utilizing 0.090-inch thick MD254 sheet material. The

0.090 inch sheet thickness was selected since preliminary analy-
sis had indicated that a post-SPF thickness of 0.050 inch would
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Figure 6~6. Superplastically Formed LEX Corxrugations
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be sufficient from a strength point of view. Due to the configu-
ration of the upper skin, it was predicted that there would not
be much thinning associated with the forming of the skin. There-
fore, a starting gage of 0.090 inch was selected.

The forming cycle for the upper skin is shown in Figure
6-8. Forming was conducted in the temperature range of 940 to
970°F with a back pressure of 400 psi. The strain rate was set
at 2 x 1074 sec™l. Three upper skins were successfully formed
with no scrap parts. The SPF upper skins are shown in Figure 6-
9. An optical micrograph excised from the upper skin close to
its trim line is shown in Figure 6-10, and as noticed, there are
no signs of cavitation.

>

o

Figure 6-10, SPF Avionics Deck Upper Skin Microstructure
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5.2.3 Avionics Deck ILower Skin Fabrication

The lower skin was alsoc superplastically formed using
0.090-inch thick MD254 aluminum sheet. Forming was conducted in
the temperature range of 943 to 977°F, at a strain rate of 2 x
10-4 sec™l and a 400 psi back pressure. The forming cycle for
the avionics dzck lower skin is shown in Figure 6-11. Three
skins were formed successfully with no scrap parts and are shown
in Figure 6-12. An optical micrograph from the skin ends is
shown in Figure 6-13, and as noticed, there are no signs of any
cavitation.

6.2.4 Avionics Deck Waffle Pan Fabrication

The forming of the avionics deck waffle pan was more
complicated as opposed to the skins. Due to the complex configu-
ration of the pan and the deep pockets associated with its de-
sign, there was severe forming involved with this part. As a
result, a lower strain rate of 1 x 10-4 sec™l was used to form
the waffle pan. The forming cycle for the avionics deck waffle
pan is snown in Figure 6-14. A total of six waffle pans were
formed without any rupture. Figure 6-15 represents a typical SPF
waffle pan.

once the forming was completed, thickness measurements
were made to check the thickness variation among the different
pans. Due to the excessive thinning associated with the pans
complex configuration, a 0.160 inch thick MD254 aluminum sheet
was used for forming of the pan. Figures 6-16 and 6-17 represent
the thicknesses measured on two of the pans before and after

trimming.

Due to the excessive material thickness in the flat
areas of the waffle pan, Figures 6-16 and 6~17, where thinning
was minimal, the pans were chem milled to remove ail excessive
material. After chem milling and prior to the final assenmbly,
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the pan was net trimmed as shown in Figure 6-18. Prior to chenm
milling, however, the pans were heat treated to T6 temper which
was verified through electrical conductivity and hardness meas-
urements. Optical microscopy was performed to determine if there
were any cavitation problems. The micrographs were taken from
the locations of maximum elongation. Figure 6-19 shows the
micrographs, and as seen, there were no signs of any cavitation.

5.3 AVIONICS DECK SUBSTRUCTURE DETATL FABRICATION

The avionics deck was comprised of seven substructural
details which consisted of both sheet metal formed and machined
parts. All sheet metal parts were fabricated by hydro-forming
using hydro-form blocks. The blocks were profile machined using
templates made from flat pattern drawings. The flat patterns
were made from the design drawings of each substructural part
using the CADAM systemn. By using templates as profile trace
patterns, the shop was able to machine the aluminum formed blocks
for use in the fabrication of the intercostals.

The form blocks contained tooling holes for indexing
blanked stock prior to forming. The form blocks were inspected
to the engineering prints for overall accuracy and to check
parameters such as the bevel angels. After the form blocks were
completed, 7075 aluminum sheet was cut out to the flat pattern
engineering drawings for the fabrication of the details. The
material was then drilled fcr coordination of tooling holes to
the form blocks. Prior to the final forming, the material was
softened for greater formability through solution heat treat,
quenching, and storage in an ice box to prevent natural aging.
After forming, the parts were heat treated to a T7 condition and
inspected against the engineering prints. Inspections revealed
that several parts had not been fully formed. As a result, the
form block corner radii were reworked, and a second set of
details were formed, which were found to be acceptable.
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Other than the hydro-formed parts, there were two
machined formers which were machined from 7075-T6 aluminum.
These formers were fabricated by trace machining from templates.
Templates were made from engineering drawings to serve as a
pattern. Templates were made by cutting aluminum sheet to the
shape of the details. Actual machining of the part was done
manually on a Bridgeport vertical mill. Once the machining was
completed, the formers were inspected against full size engineer-
ing prints for accuracy of moldlines and dimensions and were
found to be acceptable.
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7. ASSEMBLY AND TEST

This section contains a detailed description of the
assembly of the avionics deck and its static and fatigue testing.
The assembly of the deck and its delivery to the Air Force con-
cluded the efforts of Task IV (Part Fabrication), where the
testing along the cut-~up microstructural evaluations were a part
of Task V (Part Evaluation and Structural Verification). The
results of the microstructural evaluations were reported earlier
in Section 6.2.

7.1 LOWER AVIONICS DECK ASSEMBLY

The original manufacturing plans as described in Sec-
tion 2.0 called for weldbonding of the waffle pan and substruc-
tural details to the lower skin and adhesive bonding of the upper
skin to the rest of the structure. However, design modifica-
tions on the avionics deck, especially in the flange areas,
revealed that weldbonding was not feasible due to access problems
associated with the weldbonding machine electric probes. There-
fore, with the approval of the Rir Force, it was decided to use
an alternate technique and assemble the deck through rivet bond-
ing. This procedure was similar to weldbonding except rivets
would simulate the bonding pressure instead of spot welds.

7.1.1 Preliminary Assembly

The preliminary assembly process checked the proper
mating of all part surfaces., Tolerance checks and adjustments
were made to details at this phase to ensure the proper fit up of
all parts during the final assembly. Prior to any assembly
checks, SPF parts were prepared for secondary processing. Each
part was solution heat treated after forming and artificially
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aged o T6 condition per Northrop's HT-1 specification. Each
part was then rough trimmed per the engineering drawings. Ini-
tial trimming was done to 0.5 inch over the actual trim lines to
allow for a firal trimming after assembly. All three SPF parts;
lower skin, waffle pan, and upper skin, were measured for gradi-
ent thinning using an ultrasonic digital transducer. Once the
thicknesses of different areas on each part were determined, the
areas with excessive material thickness were mapped for chen
milling. Each part was flow coat dip masked to allow the etching
of the exposed areas only. This procedure would also allow a
step chem mill procedure where thicker areas were etched first
and followed by areas of less thickness. An exception - is made
on the pocket walls of the waffle pan where step chem milling was
extremely difficult due to excessive thinning profiles.

The substructural details, as mentioned earlier, were
either conventionally formed or machined and required no chem
milling. Each detail was net trimmed according to the developed
flat patterns. After trimming and deburring, all details were
heat treated to the T6 condition and ice boxed to save them in
the as quenched condition. The assembly of the substructural
details was assisted by laying thex out to the engineering draw-
ings. All details had undersized holes drilled and were held
together by C-clamps and/or Clecos (temporary fasteners).

A simple assembly fixture was fabricated to assist the
assembly of the avionics deck. A net trimmed lower skin was
attached to a series of "female” loft boards rigged on a wooden
base to form the fixture. The loft boards were made of loft cuts
generated by CADAM. The fixture also had several edge angles to
allow clamping when all substructural details were indexed to one
another. The rough trimmed lower skin was indexed to the fixture
and clamped in position. The substructural detail subassembly
was then positioned in place and indexed to the lower skin. The
preliminary assembly positioned the waffle pan and upper skin on
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top of the substructural details. After the indexing was com-
pleted, the tolerances and fit up checks were made between all
parts. Modeling clay was applied to contact areas of the lower
skin, substructure subassembly, waffle pan, and upper skin to
check tolerances. After disassembly, the clay was used to exam-
ine bondline thicknesses and was found to be acceptable except
for an area between the waffle pan and the upper skin. This area
revealed bondline thicknesses in excess of 0.030 inch. Laminated
shims were made to £ill the gap and the parts were ready for
final assembly.

7.1.2 Final Assembly

The final assembly of the avionics « 3k as mentioned
earlier was done using the rivet bonding process. The B.F.
Goodrich A-1444B weldbond paste adhesive was used as the primary
load carrying element of the joint while rivets simulated the
bonding pressure.

Prior to the final assembly, all parts were processed
for the bonding procedure. Each detail was vapor degreased and
alkaline cleaned by immersing them in a non silicated alkaline
solution at 120 to 165°F. The details were then spray rinsed
with deionized water and visually inspected for any primer spots.
After inspection, the details were deoxidized in an agitated
deoxidizer solution at 70 to 80°F and spray rinsed in deionized
water. The parts were then immediately immersed in an anodizing
solution within the required voltage range, rinsed with deionized
water and oven dried. Surfaces of all parts were then primed by
spraying a surface treatment primer for the subsequent bopding.

After the processing of all parts and prior to the
final assembly, the waffle pan was strain gaged for the structur-
al testing. The final assembly started with indexing the sub-
structural details through the previously drilled pilot holes.
The full size holes were drilled for rivet applications and all
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details were deburred and prepared for the application of the
paste adhesive. The paste adhesive was applied in all contact
areas of the substructural details and they were fastened secure-
ly with standard aluminum rivets. A decision was made to assem-
ble the remainder of the structure and to cure it in one step.

The lower skin was indexed to the assembly fixture and
clamped in place. The substructure subassembly was then located
to the underside of the waffle pan. Positioning was done through
previously marked index lines. Once the indexing was completed,
the assembly was indexed to the upper skin and all full size
rivet holes were drilled. All parts were deburred and cleaned
prior to the application of the paste adhesive. The adhesive was
applied in all contact areas and the rivets were installed. The
final phase of the assembly consisted of mating the pan, sub-
structure, and upper skin subassembly to the lower skin. Once
the indexing of the subassembly to the lower skin was completed,
the adhesive and rivet application cencluded the final assembly.
Standard aluminum rivets were used in most areas and blind rivets
in areas where access was limited.

The complete assembly was now ready for curing. The
assembly was immediately transferred to an oven where it was
cured at 250°F for one hour. The rivets, as mentioned earlier,
provided the pressure during the cure cycle which eliminated the
need for an autoclave. The final net trimming followed the
curing after which all access doors were installed. The access
doors were roll formed in order to match the contoured shape of
the avionics deck lower skin. Blind rivets were used to install
the doors due to limited access. Flow of the paste adhesive
prior and after curing required polishing of certain areas of the
deck. However, prior to the delivery of the part to the Air
Force, the complete assembly was vapor degreased and sprayed with
a primer to cover the polished spots and to prevent corrosion.
Figures 7-1 and 7-2 represent twc different views of the avionics
deck prior to the assembly of the access doors, and Figure 7-3
shows the deck after the installation of the doors.
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Figure 7-1.
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Lower View of Assembled Deck Prior to Door
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7.2 COMPONENT TESTING

The structural testing of the SPF avionics deck was
conducted at the Air Force testing facilities and it marked the
completion of the final task of the subject program. A detailed
structural test plan was prepared by Northrop and reviewed by Air
Force test personnel for their approval. During the preparation
of the test plan, a decision was made to test the avionics deck
as an individual component instead of an integral part of the
forward fuselage. The foregoing decision was made subsequent to
a decision to test the avionics deck at the Air Force test fa-
cilities. ‘Testing of the avionics deck as an integral part of
the forward fuselage was not feasible due to the following rea-
sons:

(1) A forward fuselage was not available at the time
of testing.

(2) Testing of the entire forward fuselage was not
cost effective.

(3) Transportation of the entire forward fuselage to
the Air Force test laboratories and its subsequent
testing was not feasible.

2s a result, a modified test plan was generated for
testing of the avionics deck as an individual component. The
fuselage loads were reviewed extensively in order to determine
the portion which was reacted by the avionics deck. As a result,
a new set of test loads were generated. The test plan was pre-~
pared accoxdingly to introduce the appropriate 1loads to the
avionics deck during testing. With the concurrence of the Air
Force, a decision was made to conduct both static and fatigue
testing on the avionics deck. The following paragraphs give a
more detailed explanation of the test load generation, test plan
preparation and the subsequent testing.
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7.2.1 Test Ioad Generation

The forward fuselage structure between F.S. 47.50 and
87.50 is subjected to qun blast pressure due tc a gun barrel
located on the left-hand side between the upper skin and deck.
In addition to gun blast pressure, the substructure between F.S.
47.50 and 87.50 is subjected to internal pressure (cockpit pres-
sure) loading, to external air pressure loads and to the inertia
loading of the structure and equipment.

The lower avionics deck box is subjected to the follow-
ing loading:

(1) Maximum cockpit bursting pressure of 3.98 psi.

(2) External air pressure linearly varying from a 1.4
psi collapsing pressure at F.S. 4750 to a 0.8 psi
bursting pressure at F.S. 87.50 (bottom centerline
pressure for a symmetrical pull up under superson-
ic mach numbers).

(3) 1Inertia loading due to equipment assembled onto
the deck.

As a result of preliminary analysis, it was decided
that the SAB13010 symmetrical pull up condition will be tested as
the most critical condition. SAB13010 as mentioned above is a
symmetrical pull up condition with Ny = 7.33g for limit loading.

Table 7-1 represents the bending moment and shear
values for the avionics deck conmpartment under the SAB13010
condition. The bending moment and shear variations across the
forward fuselage, F.S. 47.50 to 87.50, are schematically shown in
Figures 7-4 and 7-5. Since it was not clear what portion of the
loads was carried by the lower deck, certain assumptions were
required. As for the shear, since the shear web attaching the

221

~

- M S v T T T e = T e

e comey | oms ~
Troa e~ .

< s e -
PR L




Sl ad Ba v o gt

-

L

o e e oo

P U A

Fuselage Station (in)

47.50 57.50 67 .50 77.50 87.50
] T ) T—

-20,000 | \

-30,000- |-

-40,000 |-

-50,000 }-

Bending Moment (lb-in)

-60,000 ¢~

-70,000 ¢~

-80,000 |-

-90,000 ¢~

Figure 7-4. F-5F Avionics Compartment Bending Moments (Cond.
SAB13010, Symmetrical Pull-Up)
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Figure 7-5.

F-5F Avionics Compartment Shear Loads (Cond.
SAB13010, Symmetrical Pull-Up)
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TABLE 7-1. F-5F AVIONICS COMPARTMENT LOADS

| | I | I |
| FUSELAGE STATION | My | Vg (LBS) | My (LB-IN) | Mg |
| l l | | ]
| 47.50 | 0 | -571.7 | -8382.6 | 0 |
| 54,25 | 0 | -955.3 | -7562.6 | 0 |
| 61.00 | o ] -1532.3 | -15977.2 | 0 |
[ 68,50 | 0 | =-2140.0 | =-29768.2 | 0 |
I_ 74.80 [ o0 | ~2626.0 | -44792.9 | o0 !
| 81.10 | O0 | -3089.1 | -62809.0 | o0 |
| 87.50 |l 0 | -3508.0 | -83955.4 | o0 |

upper and lower boxes extended from F.S. 62.00 to 87.50, it was
assumed that the lower deck carried no shear from F.S. 47.50 to
62.00. Instead, all of the lower deck shear loads were to be
reacted from F.S. 62.00 to 87.50.

The maximum fuselage shear load as shown in Table 7-1
and Figure 7-5 is -3508 1lbs at F.S. 87.50. The following equa-
tion was used to calculate the lower avionics deck shear load at
F.S. 87.50.

Vi = h/H (V)
where,

V1, = Avionics deck shear load @ F.S. 87.50

h = Depth of avionics deck @ F.S. 87.50 (4.5 inches)

H = Depth of fuselage @ F.S. 87.50 (28 inches)

Vo = Fuselage shear @ F.S. 87.50.

Therefore, the lower avionics deck shear load at F.S. 87.50 would
be:

Vi = 4.5/28(-3508) = -564 lbs
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Since the shear value of -564 lbs was not severely critical, a
constant shear value of -600 l1lbs was used from F.S. 62.50 to
87.50 in order to simplify the testing.

Simulating the actual bending moments through applica-
tion of reaction loads was an extremely difficult and complicated
task. Therefore, a much simpler approach was undertaken through
a review of the avionics deck NASTRAN results. The NASTRAN
generated axial loads for the avionics deck upper and lower skins
were reviewed and due to the discrepancy between the load values,
the lower skin axial load at F.S. 87.50 was used as a baseline.
This axial compressive load as determined by NASTRAN was -2117
lbs for F.S. 81.00 to 88.00. This axial load and the depth of
the lower avionics deck were used to calculate the avionics deck
bending moment as shown below:

Bending Moment = Axial Load x Depth = =-2117 x 4.1
= -8680 1lb-in

(4.1 inch was used as depth of the avionics deck)

Comparing this value to the actual fuselage bending
moments shown in Table 7-1 indicated that the moment carried by
the avionics deck was an average 12 percent of the total fuselage
bending moment. Therefore, a similar ratio was used to calculate
the avionics deck moments at other stations, as shown in Table 7~
2.

TABLE 7-2. AVIONICS DECK BENDING AND AXIAL LOADS
(CONDITION SAB13010)

| | BENDING MOMENT | LOWER SKIN | UPPER SKIN |
| FUSELAGE STATION | (IN-LBS) | AXIAL LOAD | AXIAL LOAD |
| | | (LBS) |  (LBS) |
|__47.5 - 54.0 | - 943 | - 368 | - 262 [
|___54.0 - 61.0 | -1392 | - 480 | - 341 |
|__61.0 - 68.5 | -2706 | - 820 | - 583 |
|___68.5 - 75.0 | -4410 | ~-1098 | - 1780 !
|___75.0 - 81.1 | -G365 l -1623 | -1154

|__81.1 - 87.5 | -8680 | -2117 |  -1505
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Also sbown in Table 7-2 are the upper skin and lower
skin axial loads. The bending moment values were used to deter-~
mine the lower skin axial loads. The upper skin axial loads were
determined by using the lower skin loads and adjusting the dis-
tance to the neutral axis of the fuselage. The equation used for
calculation of the upper skin axial loads is shown below:

Py = [(H/2 - h)/(H/2)]1(P2)
where,
Py = Upper ckin axial load
H = Depth of fuselage (assume fuselage @ is @ neu-
tral axis)
h = Depth of avionics deck
P = Lower skin axial load.

The avionics deck test loads were selected to satisfy
the generated deck loads shown in Table 7-2. As shown in Figure
7-6, there were basically four reaction loads Pj;, P, P3 and P4
required for the test. All loads were selected to satisfy the
shear and axial skin loads of the deck. The function of each
load is described below:

P;: To satisfy the upper and lower skin axial loads
between F.S. 47.50 and 62.50. This load as shown
in Figure 7-6, is applied slightly above the
centerline of the deck in crder to distribute the
upper and lower skin axial loads in an appropriate
manner.

Po: This load basically offsets the moment induced
tension loads of the upper skin. In addition,
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since this load is being applied above the center-
line of the deck, it also contributes to genera-
tion of the deck bending moments.

P3: This load has basically the same functicn as Pj
except it is applied at a diffexent location. The
location of this reaction (F.S. 75.00) was also
selected to satisfy the deck loading.

P4: This load basically introduces the avionics deck
shear load and has a great contribution towards
the deck bending moments.

It is impcrtant to realize that the lower avionics deck
is positioned below the neutral axis of the aircraft fuselage.
As a result, both upper and lower skins are subjected to compres-
sive loads under the symmetrical pull up condition SAB13010.
When testing the deck by itself, application of bending moment
would induce compressive axial lcoads on the lower skin and ten-
sile loads on the upper skin. Therefore, in order to offset the
tensile axial loads of the upper skin, the compressive reactions
P, and P3 were added to the avionics deck test loads.

The values of these loads were selected to satisfy the
deck shear, moment, and skin axial loads discussed before. The
ultimate reaction loads were as follows:

P; = 1500 lbs
P, = P3 = 1000 lbs
P4 = 600 lbs

(All values are ultimate)
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7.2.2 Test Setup

Since testing of the avionics deck as an integral part
of the F-5F forward fuselage structure was not feasible, certain
modificztions were required in order to test the deck as an
individual component. The lower avionics deck was set up in such
a way that it simulated the actual loading of the lower deck box.
To simulate the actual boundary conditions of the deck, since the
bending moments at the forward end, F.S. 47.50, were minimal and
much higher at the aft end, F.S5. 87.50, it was decided to brick
wall the deck at the aft end and leave the forward end free as
shown in Figure 7-6. Application of an off center axial load at
the forward end would induce its required bending moment.

In addition, a plate simulating the web was attached to
the upper skin of the deck to linearly distribute the off setting
compressive reactions applied to the upper skin. The actual test
setup shown in Figure 7-7 was designed by Northrop and assembled
by Air Force test personnel. Noxthrop delivered the deck to
AFWAL with the end plate attached at F.S. 87.50, and the instal-
lation of the web plate and the remaining test fixturing was
done by the air Force test personnel.

~The scope of the testing was to determine the room
temperature loads versus strain response to limit load (2/3 of
ultimate load) for two conditions, Condition I (Loading Check
out) and Condition II (Critical Load Condition, SAB13010). The
second phase of testing established the room temperature fatigue
followed by a static residual strength test. The details of the
static and fatigue testing are discussed in the following para-

graphs.
i
7.2.3 Instrumentation
The instrumentation of the avionics deck for detecting
strains was limited to strain gaging. A number of axial and
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rossette gages were applied on the critical locations of the
waffle pan, upper skin, and lower skin. The internal strain
gages consisted of six rossette gages as shown in Figure 7-8.
These gages were applied by Northrop prior to the assembly and
delivery of the avionics deck to AFWAL. Figure 7-9 represents
the external gages which consisted of both axial and rossette
gages. The locations of these gages were determined by Northrop
and the gages were applied by the Air Force test personnel.

7.2.4 Preliminary Static Testing

The preliminary static test, as discussed earlier in
Section 7.2.2, consisted of room temperature loading of the deck
to limit load for two conditions. The purpose of this initial
loading was to assess the validity of the strain gage data and to
assess the structural integrity of the part up to limit load
prior to initiation of the fatigque testing.

The avionics deck successfully carried the limit load
without any signs of failure. The strain data from both internal
and external gages were recorded and reviewed by Air Force and
Northrop personnel for any anomalies.

Prior to the initial strain survey, a non destructive
inspection (NDI) of the deck was conducted by Air Force personnel
to assure that there were no severe adhesive disbond and/or rivet
failures prior to the testing. After NDI, the strain survey was
resumed. The actual reaction loads applied were:

P; = 938 lbs (Ultimate load = 1500 1lbs)
Pp = P3 = 633 lbs (Ultimate load = 1000 lbs)
Py = 402 lbs (Ultimate load = 600 lbs)

231

i e T S

.



om%“m *S°d

SobeH uTeals TeUISJIUI 090 SOTUOTAY JO UOTIRDOT °g-L SINBTJ

ANTT TIT Fodd 00°1

0S Ly s 4

H

—

\\
\\

232




\<// \\\I S. 87.50
AN F.S. 79.50

F.S5. 67.50
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Figure 7-9.

Locations of Avionics Deck External Strain Gages
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The values of Pj, P, and P3 reactions were slightly
lower than the actual 1limit load values due to the limitations on
loading at the time of test. However, the differences were small
enough to be neglected. Figure 7-10 gives a schematic represen-
taticn of the strain survey loading., The maximum and minimum
strain values foir euch strain gage is shown in Table 7-3.

In addition to the strain values, maximum and minimum
principal stresses and maximum shear stresses were calculated and
recorded for the rosette gages. The axial gage stresses were
calculated and recurded. Table 7-4 represents the maximum and
minimum principal stresses associated with the rosette gages. As
shown, the highest stress value detected was -2124 psi for strain
gage no. 14. A hand analysis was conducted to verify the
accuracy of the strain gage strain data. The recorded strain
data correlated well with the results of the hand analysis.

TABLE 7-4, STRAIN SURVEY TESTING, MAXIMUM AND MINIMUM
PRINCIPAL STRESSES

| STRAIN |  MAXIMUM DPRINCIPAL |  MINIMUM PRINCIPAL |
|_GAGE NO. | STRESS (PSI) | STRESS (PST) I
I I I I
| 2 % | 92.2 | - 361.9 |
| 23 | 730.2 | - 655.4 |
| 3A | 447.1 | - 994.5 |
| 112 | 220.7 1 - 344.6 |
| 122 | 196.0 | - 347.9 |
| 13A | 518.4 | - 210.7 |
| 142 | 487.7 | - 2123.8 |
| 153 | 598.2 | - 1686.3 |
| 21A | 278.4 [ - 142.4 |
| 223 1 298.5 | -  83.7 |
| 234 | 177.6 | - 418.4 |
| 243 | 306.0 g - 266.0 |
| 253 | 302.3 | - 439.6 |
| 26A | 487.7 | - 658.7 }
| ] |

* Letter 'A' indicates the A leg of the rosette gage.
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Figure 7-10. Avionics Deck Strain Survey Loading
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STRAIN SURVEY TESTING, MAXIMUM AND MINIMUM STRAIN VAIUES

TABLE 7-3.
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7.2.5 Fatique Testing

In order +o fully verify the structural integrity of
the deck and SPF aluminum, Northrop propcsed fatigue testing of
the SPF avionics deck. Since the avionics deck was located at
the F-5F forward fuselage, which was a non-critical fatigue area,
a substitute fatigue spectrum was proposed. The proposed fatigue
spectrum was the F-5F dorsal 1longeron which is a moderately
severe tension dominated spectrum. Since this was not represen-
tative of a realistic spectrum and due to the difficulties asso-
ciated with spectrum fatigue testing at the Air Force test facil-
ities, it was decided to conduct a constant amplitude fatigue
test.

As a result, a constant amplitude test was designed
which was representative of the dorsal longeron spectrum loading.
The fatigue testing consisted of four phases. The first and
second phase loading applied Blocks I through IV, while the third
and fourth phase loading consisted of 20 repetitions of Block IV.
Description of each block is given below:

Block I - 6000 cycles at 65 percent of limit load
Block II -~ 120 cycles at 90 percent of limit load
Block III - 20 cycles at 110 percent of limit load
Block IV - 1 cycle at 125 percent of limit load.

Table 7-5 represents the four phases of fatigue testing
conducted on the avionics deck.

The subject fatigue schedule was designed by assuming
that each life time consisted of 4000 flight hours. A block
equivalent to 200 flight hours was designed to consist of 300
cycles at 65 percent of design limit load (DLL), 6 cycles at 90
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TABLE 7-5. AVIONICS DECK FATIGUE LOADING SCHEDULE

PHASE_NO. TYPE OF_ BIOCK ILOADING
BIOCKS T, IT, IIT AND IV

|
BLOCKS I, II, IIT AND IV [
|
I

20 REPETITIONS OF BIOCK IV
20 REPETITIONS OF BIOCK IV

e (LD [0 [ [Ixd

percent of DLL, one cycle at 100 percent, and one cycle at 125
percent of DLL as shown in Figure 7-11. A life time consisting
of 20 blocks was proposed by Northrop which initiated the Air
Force to arrive at the fatigue schedule shown in Table 7-5. It
should be noted that the four phases shown in Table 7-5 are
actually equivalent to two real life times of fatigue. However,
since minor adhesive disbonds were detected on the edge of deck
prior to testing, it was decided to separate the 20 cycles at 125
percent of DLL from the first and second phases of fatigue load-
ing for conducing NDI inspections before and after loading. Such
an investigation would isolate the possible effects of each phase
on the adhesive disbonds.

In order to monitor the fatique testing and the possi-
ble residual effects due to fatigue loading, it was decided to
record strain data for 3 cycles after every 1500 cycles of Block
I and for at least 3 cycles of each other block. The cycles for
which strain data was recorded are as follcws:

(1) Lifetime No. 1

BLOCK I: - Cycles 1499-1501, Cycles 2999-3001,
Cycles 4499-4501, Cycles 59928-6000.

Cycles 71-73, Cycles 118-120.

BLOCK II: -
BLOCK III: - Cycles 18-20.
BLOCK IV: - Cycle I.
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(2) Lifetime No. 2

BIOCK I: ~ (Same as Lifetime No. 1)
BIOCK II: - Cycles 59-61, Cycles 118-120.
BLOCK III: - Cycles 18-20.

BLOCK IV: - Cycle I.

(3) Lifetime Nos. 3 and 4
BLOCK IV: - Cycles 18-20.

Figure 7-12 represents an example of the time during
which the strain data for 3 cycles of loading was recorded. A
sinewave cyclic loading was selected for applying the fatigue
loading cycles. Prior to conducting the static residual strength
test, the fatigue test recorded strain data were delivered to
Northrop for review. The fatigue strain data were thoroughly
reviewed to assess any significant change in the strain data due
to fatigue 1loading. Similar to the initial static loading,
strains as well as maximum principal stresses, minimum principal
stresses and maximum shear stresses were recorded for the ros-
sette gages and strains and axial stresses were recorded for the
axial gages.

To assess the effects of fatigue more clearly, the most
critical strain gage data was investigated. The most highly
loaded gages for the upper skin, lower skin and waffle pan were
selected and their initial static loading and post fatigue strain
response were compared. Figures 7-13 through 7-15 represent
comparison of strain data befeore and after fatigue. Strain gage
No's 15, 3A and 26A were selected from the lower skin, upper skin
and waffle pan, respectively. These gages were selected since
they were located in the aft area of the deck and were represen-
tative of the highest stress levels.
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In Figures 7-13 through 7-15, the stress versus percent
of limit load was plotted for the initial static loading at the
end of the second and fourth phase of fatigue loading. The first
and third phase fatigue data were not shown for clarity. Aas
noticed there was no significant effect in the stress values due
to fatigue loading. However, we should notice that due to the
low levels of stress monitored during testing, the error factor
is fairly high due to noise levels and other side effects.
Therefore, minor scatter in stress data are not necessarily due
to fatigue and due to the errors associated with the test equip-
ment. After concluding that there were no effects due to fatigue
loading, it was decided to statically test the deck to failure.

7.2.6 Residual Strength Testing

Upon the completion of the fatigue loading, the avion-
ics deck was statically loaded to assess its residual strength.
However, due to limitations with the test equipment, the part
could not be loaded higher than 200 percent of ultimate load.
This limitation on loading had been set in advance and after
coordinating with Air Force test personnel, we decided that
testing of the deck to 200 percent of its ultimate load would be
adequate. Therefore, the static test was conducted and as ex-
pected, the deck successfully carried the load without any signs
of failure.

Figure 7-16 represents a plot of the left- and right-
hand deflections of the deck during testing. The deflection
pattern was symmetrical, and there was a 0.16-inch deflection
after unloading which is an indication of some permanent set.
The maximum and minimum strains and principal stresses are shown
in Tables 7~6 and 7-7, respectively. The successful completion
of the static residual strength testing marked an end to the
svccessful completion of the program. The success of both fa-
tigue and static testing of the avionics deck is an indication of
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TABLE 7-7. RESIDUAL STRENGTH TESTING, MAXIMUM AND MINIMUM
PRINCIPAL STRESSES

| | |

| STRAIN | MAXIMUM PRINCIFAL | MINIMUM PRINCIPAL

| GAGE No. | STRESS (PSI) | STRESS (PSI)

I I !

| | I

| 12 * | 122.1 [ - 787.2

I I |

| 23 | 2565.6 | - 1744.2

I I I

- S --- ! ---

I I !

| 11A | 28.1 | - 814.0

I I I

| 123 | 209.3 | - 834.9

I | I

| 13A | 1409.4 | - 652.0

| I I

| 14A | 890.9 | - 6596.9

| | i

| 154 | 1125.6 | 31.1

: I |

| 21A | 641.3 | - 108.5

I I I

| 22A | 395.0 | 66.1

I | I

| 234 I 541.1 | - 598.4

I | I

| 247 | 325.6 | - 607.3

I I |

| 25A | 635.6 | - 1311.2

I I |

| 26A | 1039.7 | - 2144.8

| I [

* Letter 'A' indicates the A leg of the rosette gage.

the structural integrity of a full scale SPF component against

fatigue a. 1 static loading.
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8. SUMMARY AND CONCLUSIONS
8.1 SUMMARY

A five-task program was carried out to exploit the
applications of SPF aluminum and to develop and demonstrate the
SPF process as a viable means of fabricating full scale structur-
al parts which are more efficient and cost effective than their
conventionally produced counterparts.

The major emphasis was on reduction of piece count and
assembly costs. A number of airframe structural components were
identified where application of the SPF process would provide
potential cost and weight savings. These components were ranked
and the two components promising the most benefits were selected
for fabrication. The two components were the F-5F LEX and the
lower avionics deck.

Several aluminum alloys were evaluated for their SPF
potential, post-SPF properties and availability. Reynold's MD254
aluminum alloy was found to have the highest SPF potential and
post-SPF properties. The post-SPF static and fatigue properties
of this material were found to be comparable to those of the
conventional 7075-T6 aluminum alloy.

Producibility forming tests were conducted to assess
the forming feasibility of the components based on the prelimi-
nary design and forming parameters. Based on the outcome of
these tests, the preliminary component designs were modified and
parameters such as draft angles, and corner and edge radii, were
modified to eliminate problems, such as cavitation and non uni-
form thinning.
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After the completion of the producibility forming
studies and the subsequent design modifications, the LEX corruga-
tion and three avionics deck parts; lower skin, upper skin, and
waffle pan, were superplastically formed using the MD254 aluminum
alloy. Three of each part was successfully formed without any
scrap parts. Subsequent to forming, the SPF parts were heat
treated, trimmed, cleaned, and prepared for the component assem-
bly. The avionics deck was assembled using the rivet bonding
concept, the application of rivets simulated bonding pressure so
the component could be cured in an oven as opposed to an auto-
clave, In production, weldbonding would have been used.

The assembled deck was delivered to the Air Force for
the final static and fatique testing. The deck was tested under
static loading, to design 1limit load and ccnstant amplitude
fatigue loading. Four phases of fatigue loading were conducted
which were equivalent tc two lifetimes, typical of the F-S5F air-
craft. Upon the completion of the fatigue testing, the deck
successfully carried twice the design ultimate 1load without
failure.

8.2 CONCT.USTIONS

The following conclusions can be derived from the
studies conducted under this program:

(1) Fabrication of airframe structural parts utilizing
SPF technology can result in significant cost and
weight savings.

(2) Careful selection of potential SPF components can
provide the maximum cost and weight savings.
During the selection process, emphasis should be
on reduction of piece count and assembly costs.

250




(3) Superplastic forming of complex components should
be accompanied by forming feasibility studies.
Subcomponents representing the most critical
forming areas of the component should be formed to
verify the preliminary design parameters.

(4) Based on the results of the forming feasibility
studies, slight design modifications may be neces-
sary to avoid possible cavitation and non uniform
thinning problems.

(5) 7475 aluminum (specifically MD254) is the best of
aluminum alloys for superplastic forming, and its
post-SPF properties are comparable to the conven-
tional 7075-T6 alloy.

Prior to the delivery of the avionics deck to the Air
Force, the component was weighed. Data indicated that the SPF
avionics deck provided a 28.2 percent weight saving against its
baseline design. The SPF avionics deck weighed 19.0 1lbs, as
opposed to the 26.47 lbs for its baseline design. Most of this
weight saving was accomplished by reduction of the piece count
from 63 (Baseline deck) down to 10 (SPF design). This reduction
in piece count also eliminated a large number of fasteners and
substantially reduced the machining and assembly costs.

In fact, cost studies conducted subsequent to forming
of the deck indicated that the SPF avionics deck would also
provide an average of 32 percent cost saving over its baseline
design. Another factor that needs to be considered is that the
substantial reduction of piece count associated with the SPF
process also reduces the number of production engineering draw-
ings associated with the component. As a result, a substantial
saving in engineering design cost could also be achieved with
application of this process. Table 8-1 represents a summary of
the SPF avionics deck design benefits.
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TABLE 8-1. SPF AVIONICS DECK DESIGN BENEFITS

I | | | I
] DESIGN BENEFITS | BASELINE | SPF DESIGN | SAVINGS |
I | | | |
| | [ | |
| PIECE COUNT | 63 | 10 | 53 |
I | | I |
I I | | |
| FASTENER COUNT | 1,009 | 276 | 733 |
| ] :
| NONRECURRING COSTS | $423,860 | $280,408 | $143,452 |
| (Tooling,Planning, I | | (33.8%) |
I | [ | l
| I I | I
|RECURRING COSTS ] | | |
| T1 | $ 7,946 | $ 5,440 |$2,506(31.5%)|
| T500 | 5,551 | 3,782 ] 1,769(31.9%) |
] T1000 | 5,888 | 4,042 | 1,846(31.3%)|
| | | | |
| STRUCTURAL WEIGHT | 26.36 1b | 18.98 1b | 7.38 1b |
I I | | (28.0%) I
I l I | I

o P et - ot Sty PN s
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